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TO THE INSTRUCTOR 


As indicated in its preface, Mechanics of Materials is designed for the first course in mechanics 
of materials — or strength of materials — offered to engineering students in the sophomore or 
junior year. However, because of the large number of optional sections that have been included 
and the maturity of approach that has been achieved, this text can also be used to teach a more 
advanced course. 

The text has been divided into units, each corresponding to a well-defined topic and consisting of 
one or several theory sections followed by sample problems and a large number of problems to 
be assigned. In order to accommodate courses of varying emphases, considerably more material 
has been ‘included than can be covered effectively in a single three-credit-hour course. To assist 
the instructors in making up a schedule of assignments that best fits their classes, the various 
topics presented in the text have been listed in Table I and both a minimum and a maximum 
number of periods to be spent on each topic have been suggested. Topics have been divided into 
three categories: core topics that will probably be covered in every course; additional topics that 
can be selected to complement this core to form courses of various emphases; and finally topics 
that can be used with more advanced students. 

The problems have been grouped according to the portions of material they illustrate and have 
been arranged in order of increasing difficulty, with problems requiring special attention 
indicated by asterisks. The instructor’s attention is called to the fact that problems have been 
arranged in groups of six or more, all problems of the same group being closely related. This 
means that the instructor will easily find additional problems to amplify a particular point that 
has been brought up in the discussion of a problem assigned for homework. Since half of the 
problems are stated in SI units and half in U.S. customary units, it also means that the instructor 
has the choice of assigning problems using SI units and problems using U.S. customary units in 
whatever proportion is found to be most desirable for a given class. To assist in the preparation 
of homework assignments Table II provides a brief description of all groups of problems and a 
classification of the problems in each group according to the units used. It should also be noted 
that answers to all problems with a number set in roman type are given at the end of the text, 
while problems with a number set in italic are not. 

In Table III six alternative lists of possible assignments have been suggested. Four of these lists 
consist of problems whose answers are given at the end of the text, and two of problems whose 
answers are not. Half of the problems in each list are stated in SI units and half in U.S. customary 
units. For those instructors who wish to emphasize the use of SI units, four additional lists of 
problems have been given in Table IV, in which 75% of the problems use SI units. Since the lists 
in Tables III and IV cover the entire text, instructors will want to select those groups of sections 
that are best suited to the course they wish to teach. For a typical one-semester course consisting 
of 42 class meetings and including four quizzes, as many as 38 of the 46 available groups can be 
selected. 

Since the approach used in this text differs in a number of respects from the approach used in 
other books, the instructor is advised to read the preface to Mechanics of Materials, in which the 
authors have outlined their general philosophy. Attention is particularly called to the fact that 
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statically indeterminate problems are first discussed in Chapter 2 and are considered throughout 
the text for the various loading conditions encountered. Thus, students are presented at an early 
stage with a method of solution that combines the analysis of deformations with the conventional 
analysis of forces used in statics, and will have become thoroughly familiar with it by the end of 
the course. The concept of plastic deformation is also introduced in Chap. 2, where it is applied 
to the analysis of members under axial loading, while problems involving the plastic deformation 
of circular shafts and of prismatic beams are considered in optional sections of Chaps. 3 and 4, 
respectively. On the other hand, while the concept of stress at a point is introduced in Chap. 1, 
the discussion of the transformation of stresses is delayed until Chap. 7, after students have 
discovered for themselves the need for special techniques, such as Mohr’s circle. In this edition, 
shear and bending-moment diagrams are introduced at the beginning of Chap. 5 and applied 
immediately to the design of beams in that chapter and in the next. 

A brief description, chapter by chapter, of the topics included in the text will be found in the 
following pages. It is hoped that this material will help instructors organize their courses to best 
fit the needs of their students. 

The authors of Mechanics of Materials, 7/e, wish to thank Professor Dean P. Updike of the 
Department of Mechanical Engineering and Mechanics at Lehigh University and Amy Mazurek 
for having written the problem solutions contained in this Manual. 


John T. DeWolf 
David F. Mazurek 



DESCRIPTION OF THE MATERIAL CONTAINED IN 
MECHANICS OF MATERIALS, Seventh Edition 


Chapter 1 

Introduction-Concept of Stress 

The main purpose of this chapter is to introduce the concept of stress. After a short review of 
Statics in Section 1.1 emphasizing the use of free-body diagrams, Sections 1.2 through 1.2 
discuss normal stresses under an axial loading, shearing stresses — with applications to pins and 
bolts in single and double shear — and bearing stresses. This section also introduces the student 
to the concepts of analysis and design. Section 1.2 A emphasizes the fact that stresses are 
inherently statically indeterminate and that, at this point, normal stresses under an axial loading 
can only be assumed to be uniformly distributed. Moreover, such an assumption requires that the 
axial loading be centric. 

Section 1 .2D is devoted to the application of these concepts to the analysis of a simple structure. 
Section 1.2E describes how students should approach the solution of a problem in mechanics of 
materials using the SMART methodology: Strategy, Modeling, Analysis and Reflect & Think. 
Section 1 ,2E also discusses the numerical accuracy to be expected in such a solution. Problems 
included in the first lesson also serve as a review of the methods of analysis of trusses, frames, 
and mechanisms learned in statics. 

Section 1.3 discusses the determination of normal and shearing stresses on oblique planes under 
an axial loading, while Section 1.4 introduces the components of stress under general loading 
conditions. This section emphasizes the fact that the components of the shearing stresses exerted 
on perpendicular planes, such as x xy and x yx , must be equal. It also introduces the students to the 
concept of transformation of stress. However, the study of the computational techniques 
associated with the transformation of stress at a point is delayed until Chapter 7, after students 
have discovered for themselves the need for such techniques. 

Section 1.5 is devoted to design considerations. It introduces the concepts of ultimate load, 
ultimate stress, and factor of safety. It also discusses the reasons for the use of factors of safety in 
engineering practice. The section ends with an optional presentation of an alternative method of 
design, Load and Resistance Factor Design. 

Chapter 2 

Stress and Strain-Axial Loading 

This chapter is devoted to the analysis and design of members under a centric axial loading. 
Section 2.1 A introduces the concept of normal strain, while Section 2. IB describes the general 
properties of the stress-strain diagrams of ductile and brittle materials and defines the yield 
strength, ultimate strength, and breaking strength of a material. Section 2 1C, which is optional, 
defines true stress and true strain. Section 2. ID introduces Hooke’s law, the modulus of 
elasticity, and the proportional limit of a material. It defines as isotropic those materials whose 
mechanical properties are independent of the direction considered and as anisotropic those 



whose mechanical properties depend upon that direction. Among the latter are fiber-reinforced 
composite materials, that are described in this section. 


Section 2. IE discusses the elastic and the plastic behavior of a material and defines its elastic 
limit, while Section 2. IF is devoted to fatigue and the behavior of materials under repeated 
loadings. The first lesson of Chapter 2 ends with Section 2.1G, which shows how Hooke’s law 
can be used to determine the deformation of a rod of uniform or variable cross section under one 
or several loads, and introduces the concept of relative displacement. Section 2.2 discusses 
statically indeterminate problems involving members under an axial load. As indicated in the 
preface of the text and in the introduction to this manual, the authors believe it is important to 
introduce the students at an early stage to the concept of statical indeterminacy and to show them 
how the analysis of deformations can be used in the solution of problems that cannot be solved 
by the methods of statics alone. It will also help them realize that stresses, being statically 
indeterminate, can be computed only by considering the corresponding distribution of strains. 
Section 2.3 discusses the thermal expansion of rods and shows how to determine stresses in 
statically indeterminate members subjected to temperature changes. 

Section 2.4 introduces the concept of lateral strain for an isotropic material and defines 
Poisson ’s ratio. Section 2.5 discusses the multiaxial loading of a structural element and derives 
the generalized Hooke’s law for such a loading. Since this derivation is based on the application 
of the principle of superposition, this principle is also introduced in Section 2.5, and the 
conditions under which it can be used are clearly stated. Section 2.6 is optional. It discusses the 
change in volume of a material under a multiaxial loading and defines the dilatation and the bulk 
modulus or modulus of compression of a given material. 

Section 2.7 introduces the concept of shearing strain. It should be noted that the authors define 
the shearing strain as the change in the angle formed by the faces of the element of material 
considered, and not as the angle through which one of these faces rotates. Hooke’s law for 
shearing stress and strain and the modulus of rigidity are also introduced in this section, as well as 
the generalized Hooke ’s law for a homogeneous, isotropic material under the most general stress 
conditions. Section 2.8 points out that strains, just as stresses, depend upon the orientation of the 
planes considered. It also establishes the fact that the constants E, v, and G are not independent 
from each other and derives Eq. (2.35), that expresses the relation among these three constants. 
Section 2.9, which is optional, extends the stress-strain relationships to fiber-reinforced 
composite materials. The relations obtained are expressed by Eqs. (2.37) and (2.39) and involve 
three different values of the modulus of elasticity and six different values of Poisson’s ratio. 

Section 2.10 discusses the distribution of the normal stresses under a centric axial loading and 
shows that this distribution depends upon the manner in which the loads are applied. However, 
except in the immediate vicinity of the points of application of the loads, the distribution of 
stresses can be assumed uniform. This result verifies Saint-Venant’s principle. Section 2.11 
discusses stress concentrations near circular holes and fillets in flat bars under axial loading. 

Section 2.12 is devoted to the plastic deformation of members under centric axial loads and 
introduces the concept of an elastoplastic material. As stated in the preface of the text, the 
authors believe that students should be exposed to the concept of plastic deformation in the first 
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course in mechanics of materials, if only to let them realize the limitations of the assumption of a 
linear stress-strain relation in engineering applications. By introducing this concept early in the 
course in connection with axial loading, rather than later with torsion or bending, one makes it 
easier for the students to understand and accept it. For the same reason, residual stresses are 
discussed in Section 2.13 in connection with axial loading. However, since some instructors may 
not want to include the concept of residual stresses in an elementary course, this section is 
optional and can be omitted without any prejudice to the understanding of the rest of the text. 

Chapter 3 
Torsion 

The Introduction introduces this type of loading, while Section 3.1 establishes the relation that 
must be satisfied, on the basis of statics, by the shearing stresses in a given section of a shaft 
subjected to a torque. This condition, however, does not suffice to determine the stresses, and 
one must analyze the deformations that occur in the shaft. This is done in Section 3.1 A, where it 
is proved that the distribution of shearing strains in a circular shaft is linear. It should be noted 
that the discussion presented in See. 3. IB is based solely on the assumption of rigid end plates, 
rather than on arbitrary and gratuitous assumptions regarding the deformations of a shaft. The 
results obtained in this and the following sections clearly depend upon the validity of this 
assumption, but can be extended to other loading conditions through the application of Saint- 
Venant’s principle. 

Section 3. 1C is devoted to the analysis of the shearing stresses in the elastic range and presents 
the derivation of the elastic torsion formulas for circular shafts. The section ends with remarks 
on the transformation of stresses in torsion and the comparison between the failures of ductile 
and brittle materials in torsion. 

The formula for the angle of twist of a shaft in the elastic range is derived in Section 3.2. This 
section also contains various applications involving the twisting of single and gear-connected 
shafts. Section 3.3 deals with the solution of problems involving statically indeterminate shafts. 

Section 3.4 is devoted to the design of transmission shafts and begins with the determination of 
the torque required to transmit a given power at a given speed, both in SI and U.S. customary 
units. Note that the effect of bending on the design of transmission shafts will be discussed in 
Section 8.2, which is optional. Section 3.5 discusses stress concentrations at fillets in circular 
shafts. 

Sections 3.6 through 3.7 deal with the plastic deformations and residual stresses in circular 
shafts and are optional. Since a similar presentation of the plastic deformations and residual 
stresses of members in pure bending is given in Chapter 4, the instructor may decide to include 
only one of these presentations in the course. Section 3.6 describes the general method for the 
determination of the torque corresponding to a given maximum shearing stress in a shaft made of 
a material with a nonlinear stress-strain diagram, while Sections 3.7 and 3.8 deal, respectively, 
with the deformations and the residual stresses in shafts made of an elastoplastic material. 
Sections 3.9 and 3.10 are also optional. They are devoted, respectively, to the torsion of solid 
members and thin- walled hollow shafts of noncircular section. 
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Chapter 4 
Pure Bending 

The Introduction defines this type of loading and shows how the results obtained in the following 
sections can be applied to the analysis of other types of loadings as well, namely, eccentric axial 
loadings and transverse loadings. Sections 4.1 and 4.1 A establish the relation that must be 
satisfied, on the basis of statics, by the normal stresses in a given section of a member subjected 
to pure bending. This condition, however, does not suffice to determine the stresses, and one 
must analyze the deformations that occur in the member. This is done in Section 4. IB, where it is 
proved that the distribution of normal stresses in a symmetric member in pure bending is linear. 
It should be noted that no assumption is made in this discussion regarding the deformations of 
the member, except that the couples should be applied in such a way that the ends of the member 
remain plane. Whether this can actually be accomplished is discussed at the end of Section 4.3. 

Section 4.2 is devoted to the analysis of the normal stresses in the elastic range and presents the 
derivation of the elastic flexure formulas. It also defines the elastic section modulus and ends 
with the derivation of the formula for the curvature of an elastic beam. Section 4.3 discusses the 
anticlastic curvature of members in pure bending and also states the loading conditions required 
for the ends of the member to remain plane. 

Section 4.4 discusses the determination of stresses in members made of several materials and 
defines the transformed section of such members. It also shows how the transformed section can 
be used to determine the radius of curvature of the member. The section ends with a discussion 
of the stresses in reinforced-concrete beams. Section 4.5 deals with the stress concentrations at 
fillets and grooves in flat bars under pure bending. 

Section 4.6 is optional. This section discusses the plastic deformations and residual stresses in 
members subjected to pure bending in much the same way that these were discussed in Sections 3.6 
through 3.8 in the case of members in torsion. Section 4.6 describes the general method for the 
determination of the bending moment corresponding to a given maximum normal stress in a 
member possessing two planes of symmetry and made of a material with a nonlinear stress-strain 
diagram. Section 4.6A deals with members made of an elastoplastic material and derives 
formulas relating the thickness of the elastic core and the radius of curvature with the applied 
bending moment in the case of members with a rectangular cross section. It also defines the 
shape factor and the plastic section modulus of members with a nonrectangular section. Section 
4.6B deals with the determination of the plastic moment of members made of an elastoplastic 
material and possessing a single plane of symmetry, while Section 4.6C discusses residual 
stresses. 

Section 4.7 shows how the stresses due to a two-dimensional eccentric axial loading can be 
obtained by replacing the given eccentric load by a centric load and a couple, and superposing 
the corresponding stresses. Attention is called to the fact that the neutral axis does not pass 
through the centroid of the section. 

Section 4.8 deals with the unsymmetric bending of elastic members. It is first shown that the 
neutral axis of a cross section will coincide with the axis of the bending couple if, and only if, the 
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axis of the couple is directed along one of the principal centroidal axes of the cross section. It is 
then shown that stresses due to unsymmetric bending can always be determined by resolving the 
given bending couple into two component couples directed along the principal axes of the 
section and superposing the corresponding stresses. Sample Problem 4.10 has been included in 
this section to provide an opportunity for students to use material on Mohr’s Circle to determine 
stresses in non-symmetrical sections. The material is based on what students will have learned in 
a study of Statics where the transformation of moments of inertia is covered for problems where 
it is necessary to look at the rotation of coordinate axes. Problems 4.141 through 4.143 are also 
asterisked and are best solved with the use of Mohr’s Circle. 

This method of analysis is extended in Section 4.9 to the determination of the stresses due to an 
eccentric axial loading in three-dimensional space. The eccentric load is replaced by an equivalent 
system consisting of a centric load and two bending couples, and the corresponding stresses are 
superposed. 

Section 4.10 is optional; it deals with the bending of curved members. 

Chapter 5 

Analysis and Design of Beams 
for Bending 

In the Introduction beams are defined as slender prismatic members subjected to transverse loads 
and are classified according to the way in which they are supported. It is shown that the internal 
forces in any given cross section are equivalent to a shear force V and a bending couple M. The 
bending couple M creates normal stresses in the section, while the shear force V creates shearing 
stresses. The former is determined in this chapter, using the flexure formula (5.1), while the latter 
will be discussed in Chapter 6. 

Since the dominant criterion in the design of beams for strength is usually the bending stresses in 
the beam, the determination of the maximum value of the bending moment in the beam is the 
most important factor to be considered. To facilitate the determination of the bending moment in 
any given section of the beam, the concept of shear and bending-moment diagrams will be 
introduced in Section 5.1, using ffee-body diagrams of various portions of the beam. 

An alternative method for the determination of shear and bending-moment diagrams, based on 
relations among load, shear, and bending moment, is presented in Section 5.2. To maintain the 
interest of the students, most of the problems to be assigned are focused on the engineering 
applications of these methods and call for the determination, not only of the shear and bending 
moment, but also of the normal stresses in the beam. 

Section 5.3 is devoted to the design of prismatic beams based on the allowable normal stress for 
the material used. Sample Problems and problems to be assigned include wooden beams of 
rectangular cross section, as well as rolled-steel W and S beams. An optional paragraph on page 372 
describes the application of Load and Resistance Factor Design to beams under transverse loading. 

Section 5.4 introduces the concept of singularity functions and shows how these functions can 
provide an alternative and effective method for the determination of the shear and bending 
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moment at any point of a beam under the most general loading condition. While this section is 
optional, it should be included in the lesson schedule if singularity functions are to be used later 
for the determination of the slope and deflection of a beam (Section 9.3). It is pointed out on 
page 387 that singularity functions are particularly well suited to the use of computers, and 
several optional problems requiring the use of a computer (Probs. 5.118 through 5.125) have 
been included in this assignment. 

Section 5.5, which is optional, is devoted to nonprismatic beams, such as forged or cast beams 
designed to be of constant strength, and rolled-steel beams reinforced with cover plates. 


Chapter 6 

Shearing Stresses in Beams and Thin-Walled Members 

It is shown in the Introduction that a transverse load creates shearing stresses as well as normal 
stresses in a beam. Considering first the horizontal face of a beam element, it is shown in 
Sections 61 A that the horizontal shear per unit length q, or shear flow, is equal to VQ/I. This 
result is applied in Concept Application 6. 1 to the determination of the shear force in the nails 
connecting three planks forming a wooden beam, as well as in Probs. 6.1 through 6.4. Probs. 6.5 
through 6.8 apply the same concepts to steel beams made of sections bolted together 

In Section 6. IB the average shearing stress r ave exerted on the horizontal face of the beam 
element is obtained by dividing the shear flow q by the width t of the beam: 



Note that since the shearing stresses z xy and z yx exerted at a given point are equal, the expression 
obtained also represents the average shearing stress exerted at a given height on a vertical section 
of the beam. This formula is used to determine shearing stresses in a beam made of glued planks 
in Sample Prob. 6.1 and to design a timber beam in Sample Prob. 6.2. Problems 6.9 through 6.12 
and 6.21 and 6.22 call for the determination of shearing stresses in various types of beams. 

Section 6. 1C explores shearing stresses in common beam types In Concept Applications 6.2 and 
6.3 the designs obtained on the basis of normal stresses, respectively, for a timber beam in 
Sample Prob. 5.7 and for a rolled-steel beam in Sample Prob. 5.8 are checked and found to be 
acceptable from the point of view of shearing stresses. 

Section 6.2 is optional and discusses the distribution of stresses in a narrow rectangular beam. 

In Section 6.3 the expression q = VQ/I obtained on Section 6.1 A for the shear flow on the 
horizontal face of a beam element is shown to remain valid for the curved surface of a beam 
element of arbitrary shape. It is then applied in Concept Application 6.4 and in Probs. 6.29 
through 6.33 to the determination of the shearing forces and shearing stresses in nailed and glued 
vertical surfaces. 



Section 6.4 deals with the determination of shearing stresses in thin-walled members and shows 
that Eq. (6.6) can be applied to the determination of the average shearing stress in a section of 
arbitrary orientation. 

Section 6.5, which is optional, describes the formation of plastic zones in beams subjected to 
transverse loads. 

Section 6.6, which is also optional, deals with the unsymmetric loading of thin-walled members, 
the determination of the shear center, and the computation of the shearing stresses caused by a 
shearing force exerted at the shear center. 

Chapter 7 

Transformations of Stress and Strain 

After a short introduction, formulas for the transformation of plane stress under a rotation of 
axes are derived in Section 7.1 A, while the principal planes of stress, principal stresses, and 
maximum shearing stress are determined in Section 7. IB. 

Section 7.2 is devoted to the use of Mohr’s circle. It should be noted that the convention used in 
the text provides for a rotation on Mohr’s circle in the same sense as the corresponding rotation 
of the element; in other words, this convention is the same as that used in statics for the 
transformation of moments and products of inertia. Attention is called to the statement at the 
bottom of page 493 of the text and the accompanying Fig. 7.15. 

Section 7.3 discusses the general ( three-dimensional) state of stress and establishes the fact that 
three principal axes of stress and three principal stresses exist. Section 7.4 shows how three 
different Mohr’s circles can be used to represent the transformations of stress associated with 
rotations of the element about the principal axes. The results obtained are used to show that in a 
state of plane stress, the maximum shearing stress does not necessarily occur in the plane of 
stress. 

Section 7.5 is optional. Section 7.5A presents the two criteria most commonly used to predict 
whether a ductile material will yield under a given state of plane stress, while Section 7.5B 
discusses the two criteria used to predict the fracture of brittle materials. 

Section 7.6 deals with stresses in thin-walled pressure vessels', it is limited to the analysis of 
cylindrical and spherical pressure vessels. 

The second part of the chapter (Sections 7.7 through 7.9) deals with transformations of strain 
and is optional. Section 7.7A presents the derivation of the formulas for the transformation of strain 
under a rotation of axes. It should be noted that this derivation is based on the consideration of an 
oblique triangle (Fig. 7.51) and the use of the law of cosines, and that the determination of the 
shearing strain is facilitated by the use of Eq. (7.43), which relates it to the normal strain along 
the coordinate axes and their bisector. 
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Section 7.7B introduces Mohr’s circle for plane strain, and Section 7.8 discusses the three- 
dimensional analysis of strain and its application to the determination of the maximum shearing 
strain in states of plane strain and of plane stress. Section 7.9 deals with the use of strain rosettes 
for the determination of states of plane strain. 

Chapter 8 

Principal Stresses under a Given Loading 

This chapter is devoted to the determination of the principal stresses and maximum shearing 
stress in beams, transmission shafts subjected to transverse loads as well as to torques, and 
bodies of arbitrary shape under combined loadings. 

In the Introduction it is shown that, while only normal stresses occur on a square element with 
horizontal and vertical faces located at the surface of a beam, shearing stresses will occur if the 
element is rotated through 45° (Fig. 8.1). The reverse situation is observed for an element with 
horizontal and vertical faces subjected only to shearing stresses (Fig. 8.2). The analysis of beams, 
therefore, should include the determination of the principal stresses and maximum shearing 
stress at various points. 

This is done in Section 8.1 for cantilever beams of various rectangular sections subjected to a 
single concentrated load at their free end. It is found that the principal stress cr max does not exceed 
the maximum normal stress o m determined by the method of Chapter 5 except very close to the 
load. While this result holds for most beams of nonrectangular section, it may not be valid for 
rolled-steel W and S beams, and the analysis and design of such beams should include the 
determination of the principal stress er max at the junction of the web with the flanges of the beam. 
(See Sample Probs. 8.1 and 8.2, and Probs. 8.1 through 8.14). 

Section 8.2 is devoted to the analysis and design of transmission shafts using gears or sprocket 
wheels to transmit power to and from the shaft. These shafts are subjected to transverse loads as 
well as to torques. The design of such shafts is the subject of Sample Prob. 8.3 and Probs. 8.15 
through 8.30. 

The determination of the stresses at a given point K of a body due to a combined loading is the 
subject of Section 8.3. First, the loading is reduced to an equivalent system of forces and couples 
in a section of the body containing K. Next, the normal and shearing stresses are determined at K. 
Finally, using one of the methods of transformation of stresses presented in Chapter 7, the 
principal planes, principal stresses, and maximum shearing stress may be determined at K. This 
procedure is illustrated in Concept Application 8.1 and Sample Probs. 8.4 and 8.5. 
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Chapter 9 
Deflection of Beams 

The relation derived in Chapter 4 between the curvature of a beam and the bending moment is 
recalled in Section 9.1 and used to predict the variation of the curvature along the beam. In 
Section 9.1 A, the equation of the elastic curve for a beam is obtained through two successive 
integrations, after the bending moment has been expressed as a function of the coordinate x. 
Concept Applications 9.1 and 9.2 show how the boundary conditions can be used to determine 
the two constants of integration in the cases of a cantilever beam and of a simply supported 
beam. Concept Application 9.3 indicates how to proceed when the bending moment must be 
represented by two different functions of x. 

Section 9. IB is optional; it shows in the case of a beam supporting a distributed load, how the 
equation of the elastic curve can be obtained directly from the function representing the load 
distribution through the use of four successive integrations. 

Section 9.2 is devoted to the analysis of statically indeterminate beams and to the determination 
of the reactions at their supports. It is suggested that a minimum of two lessons be spent on 
Sections 9.1 through 9.2 if neither the use of singularity functions (Section 9.3) nor the 
moment-area method (Sections 9.5 through 9.6) are to be covered in the course. 

Section 9.3 is devoted to the use of singularity functions for the determination of beam 
deflections and slopes. It is optional and assumes that Section 5.4 has been covered previously. It 
is recommended that both Sections 5.4 and 9.3 be included in the course, since singularity 
functions provide the students with an effective and versatile method for the determination of 
deflections and slopes under the most diverse loading conditions. In addition, and as indicated 
earlier, singularity functions are well suited to the use of computers. 

Section 9. 4 A discusses the method of superposition for the determination of beam deflections 
and slopes. It shows how the expressions given in Appendix D for various simple loadings can 
be used to obtain the deflection and slope of a beam supporting a more complex loading. In 
Section 9.4B, the method of superposition is applied to the determination of the reactions at the 
supports of statically indeterminate beams. 

Sections 9.5 through 9.6 are optional. They deal with the application of the moment-area 
methods to the determination of the deflection of beams and may be omitted in courses that place 
a greater emphasis on analytical methods and make use of singularity functions. It should be 
noted, however, that these methods provide a very practical means for the determination of the 
deflection and slope of beams of variable cross section. 

The two moment-area theorems are derived in Section 9.5A and are immediately applied in 
Section 9.5B to the computation of the slope and deflection of cantilever beams and beams with 
symmetric loadings (simply supported or overhanging beams). Section 9.5C shows how to draw 
a bending-moment diagram by parts. This approach greatly facilitates the determination of 
moment areas in all but the simplest loading situations. 
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Section 9.6 deals with simply supported and overhanging beams with unsymmetric loadings. 
The analysis of such beams hinges on the use of a reference tangent drawn through one of the 
supports after the tangential deviation of the second support has been computed from the 
bending-moment diagram. Section 9.6B describes how to locate the point of maximum deflection 
and how to compute that deflection. 

Section 9.6C deals with the analysis of statically indeterminate beams and the determination of 
the reactions at their supports. 

Chapter 10 
Columns 

Section 10.1 introduces the concept of stability of a structure. The example considered in this 
section consists of a block supported by two spring-connected rigid rods. It is shown that the 
position of equilibrium in which both rods are aligned is stable if this position is the only 
possible position of equilibrium of the system. The same criterion is applied to an elastic 
pin-ended column in Section 10.1 A in order to derive Euler’s formula. Section 10. IB shows how 
Euler’s formula for pin-ended columns can be used to determine the critical load of columns 
with other end conditions. 

Section 10.2 is optional; it deals with the eccentric loading of a column and gives the derivation 
of the secant formula. 

Section 10.3 discusses the design of columns under a centric load. Empirical formulas developed 
by various engineering associations for the design of steel columns, aluminum columns, and wood 
columns are presented in Section 10. 3 A. Section 10. 3B is devoted to an optional discussion of 
the application of Load and Resistance Factor Design to steel columns. As noted at the end of 
this section, the design formulas presented in this section are intended to provide introductory 
examples of different design approaches. These formulas do not provide all the requirements that 
are needed for more comprehensive designs often encountered in engineering practice. 

Section 10.4 discusses the design of columns under an eccentric load and presents two of the 
most frequently used methods: the allowable-stress method and the interaction method. 

Chapter 11 
Energy Methods 

Section 11.1A introduces the concept of strain energy by considering the work required to 
stretch a rod of uniform cross section. This work, which is equal to the area under the load- 
deformation curve, represents the strain energy of the rod. The strain-energy density is defined in 
Section. 1 1 .IB, as well as the modulus of toughness and the modulus of resilience of a given 
material. The formula for the elastic strain energy associated with normal stresses is derived in 
Section 1 1 .2 A, as well as the expressions for the strain energy corresponding to an axial loading 
and to pure bending. The formula for the strain energy associated with shearing stresses is 
derived in Section 11.2B, as well as the expressions corresponding to torsion and transverse 
loading. 


xiv 



Section 11.3, which is optional, covers the strain energy for a general state of stress and derives 
an expression for the distortion energy per unit volume, both in the general case of three- 
dimensional stress and in the particular case of plane stress. 

Section 11. 4A discusses impact loadings and Section 11. 4B the design of a structure for an 
impact load. To facilitate the solution of impact-loading problems, it is shown in Section 11. 5 A 
that the strain energy of a structure subjected to a single concentrated load P can be obtained by 
equating the strain energy to the work of P. (Appendix D is used to express the deflection in 
terms of P ). As shown in Section 11. 5B, the reverse procedure can be used to determine the 
deflection of a structure at the point of application of a single load P or a single couple M; the 
strain energy of the structure is computed from one of the formulas derived in Section 1 1.2, and 
the work of P or M is equated to the expression obtained for the strain energy. 

Sections 11.6 through 11.9 are optional. In Section 11.6 an expression for the strain energy of a 
structure subjected to several loads is obtained by computing the work of the loads as they are 
successively applied. Reversing the order in which the loads are applied, one proves Maxwell 's 
reciprocal theorem. The expression obtained for the strain energy of the structure is used in 
Section 11.7 to prove Castigliano’s theorem. Section 11.8 is devoted to the application of 
Castigliano’s theorem to the determination of the deflection and slope of a beam and to the 
deflection of a point in a truss. Finally, Section 1 1.9 deals with the application of Castigliano’s 
theorem to the determination of the reactions at the supports of statically indeterminate structures 
such as beams and trusses. 
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1.1-2 

Stress Under Axial Loading 

1-2 


1.3-5 

Components of Stress; Factor of Safety 

1 


Chapter 

2: Stress and Strain - Axial Loading 



2.1 
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1-2 



Axial Loading 



2.2-3 
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1 


2.4-5 
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1 


*2.6 
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Shearing Strain 
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*2.9 
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0.5-1 


*2.13 
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0.5 

Chapter 
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3.1 
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1 


3.2-3 
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1-2 


3.4-5 

Design of Transmission Shafts; Stress 

1 
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*3.6-8 

Plastic Deformations; Residual Stresses 


1-2 

*3.9-10 
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Chapter 
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4.1-3 

Stresses in Elastic Range 

1-2 


4.4-5 
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1-2 



Concentrations 



*4.6 
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1-2 

4.7 
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1-2 


4.8-9 
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1-2 



Axial Loading 



*4.10 
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Chapter 

5: Analysis and Design of Beams for Bending 



5.1 

Shear and Bending-Moment Diagrams 

1-1.5 


5.2 

Using Relations Between w, V, andM 

1-1.5 


5.3 

Design of Prismatic Beams in Bending 

1-2 


*5.4 

Use of Singularity Functions to Determine 




V andM 

1-2 


*5.5 

Nonprismatic Beams 


1-2 

Chapter 

6: Shearing Stresses in Beams and Thin-Walled Members 


6.1 

Shearing Stresses in Beams 

1-2 


*6.2 

Shearing Stresses in Narrow Rectangular Beam 


0.25 

6.3-4 

Shearing Stresses in Thin -Walled Members 

1-2 


*6.5 

Plastic Deformations 


0.25 

*6.6 

Unsymmetric Loading; Shear Center 


1-2 
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Chapter 

7: Transformation of Stress and Strain 




7.1 

Transformation of Plane Stress 

1-2 



7.2 

Mohr’s Circle for Plane Stress 

1-2 



7.3-4 

Three-Dimensional Analysis of Stress 

0.5-1 



*7.5 

Yield and Fracture Criteria 


0.5-1 


7.6 

Thin-Walled Pressure Vessels 

0.5-1 



*7.7-8 

Analysis of Strain; Mohr’s Circle 


1-1.5 


*7.9 

Strain Rosette 


0.5 


Chapter 

8: Principal Stresses under a Given Loading 




8.1 

Principal Stresses in a Beam 


0.5-1 


8.2 

Design of Transmission Shafts 


0.5-1 


8.3 

Stresses under Combined Loadings 


1-3 


Chapter 

9: Deflection of Beams 




9.1-1A 

Equation of Elastic Curve 

0.5-1 



*9. IB 

Direct Determination of Elastic Curve from 


0.5 



Load Distribution 




9.2 

Statically Indeterminate Beams 

0.5 - 1 



*9.3 

Use of Singularity Functions 


1-2 


9.4 

Method of Superposition 

1-2 




Application of Moment- Area Theorems to: 




*9.5 

Cantilever Beams and Beams with 


1-2 



Symmetric Loadings 




*9.6A-6B Beams with Unsymmetric Loadings; Maximum 


1-1.5 



Deflection 




*9.6C 

Statically Indeterminate Beams 


0.5 


Chapter 

10: Columns 




10.1 

Euler’s Column Formula 

1-2 



*10.2 

Eccentric Loading; Secant Formula 


1 


10.3 

Design of Columns under a Centric Load 

1-2 



10.4 

Design of Columns under an Eccentric Load 

1-2 



Chapter 

11: Energy Methods 




11.1-2 

Strain Energy 

1-2 



11.3 

Strain Energy for General State of Stress 


0.5 


11.4 

Impact Loading 

0.5-1 



11.5 

Deflections by Work-Energy Method 

0.5-1 



*11.6-8 

Castigliano’s Theorem 


1-2 


*11.9 

Statically Indeterminate Structures 


1-2 
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TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition 


SI Units 

Problem Number* 
U.S. Units 

Problem description 


CHAPTER 1: 

INTRODUCTION-CONCEPT OF STRESS 

Normal stress under axial loading: 

1.1,2 

1.5,6 

1.3,4 

in bars 

1.7,9 

1.8,10 

in pin-connected structures 

1.13,14 

1.11,12 

in trusses and mechanisms 

1.15,18 

1.16,17 

Shearing stress 

1.20,21 

1.19,22 

Bearing stress between flat surfaces 

1.24,25 
1 .26,27 

1.23,28 

Shearing and bearing stresses at pin-connected joints 


1.29,30 

1.31,32 

Stresses on an oblique plane 

1.35,36 

1.33,34 

Factor of safety: 

1 .38,39 
1.40,41 

1.37,42 

in tension 

1.43,44 

1.45,46 

in shear 

1.47,48 

1.49,50 


1.53,54 

1.55,56 

1.57,52 

in structures involving links and pins 

*1.57 

*1.58 

Load and Resistance Factor Design 


1.59,62 

1.60,57 

Review problems 

1 .63,66 

1.64,65 


1.67,68 

1.69,70 


l.C2,C4,C6 

l.Cl,C3,C5 

Computer problems 


CHAPTER 2: STRESS AND STRAIN - AXIAL LOADING 


Stresses and deformations in statically determinate structures: 


2.1,3 

2.2,5 

simple rods and wires 

2.4,6 

2.7,8 


2.9,10 

2.72,14 

2.11,13 

multiple-criteria problems 

2.16,18 

2.19,20 

2.15,17 

composite rods and members 

2.21,24 

2.22,23 

members of trusses and simple frames 

2.25,26 

2.21,28 


2.29 

2.30 

computation of deformations by integration 

2.31 

2.32 

true strain 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 


SI Units 

U.S. Units 

Problem description 



Statically indeterminate structures (constant temperature): 

2.33,34 

2.37,38 

2.35,36 

with members undergoing equal deformations 

2.41,42 

2.39 ,40 

composite rods with both ends restrained 

2.43,45 

2.44 ,46 

with members undergoing unequal deformations 



Statically indeterminate structures (with temperature changes): 

2.47,48 

2.49,50 

with members undergoing equal deformations 

2.51,54 

2.52,53 

composite rods with both ends restrained 

2.55,56 

2.57 


with unequal deformations 

2.60 

2.58,59 

rods with gaps 



Poisson’s ratio and generalized Hooke’s law: 

2.62,63 

2.64,65 

2.61,66 

uniaxial loading 

2.67,68 

2.69,70 

biaxial loading 

2.73,74 

2.77,72 

derivation of formulas 

2.77,78 

2.75,76 

Hooke’s law for shearing stress and strain 

2.81,82 

2.79,80 


*2.84 , : *86 

*2.83, *85 

dilatation 

*2.87 , *88 


problems involving cylindrical coordinates 

*2.89 

*2.90 

Theory problems 

*2.91, *92 


Problems involving composites 

2.93,94 

2.95,96 

Stress concentrations in flat bars 

2.97,98 

2.99,100 

Plastic deformations under axial loading: 

2.103,104 

2.105,106 

2.101,102 

simple problems 

2.107,108 

2.109,110 

2.113,114 

*2.115 

2.111,112 

more complex problems 

2.117, *118 

2.116 

problems involving temperature change 

*2.122, *123 

*2.1 19, *120 
*2.121 

problems involving residual stresses 

2.124,127 

2.125,726 

Review problems 

2.729,131 

2.128,130 


2.133,7 34 

2.732,135 



2.C1,C3,C6 2.C2,C4,C5 Computer problems 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


SI Units 

Problem Number* 
U.S. Units 

Problem description 


CHAPTER 3: 

TORSION 



Shearing stresses: 

3.1,2 

3.4,5 

in simple shafts 

3.3,6 

3.7 ,8 


3.11,72 

3.9,10 

in shafts subjected to several torques 

3.13,74 



3.77,18 

3.15,16 

in composite shafts 

3.79,20 



3.21,22 

3.23,24 

in gear-connected shafts 

3.27,28 

3.25,25 


3.29 

3.30 

special problems 


3.31.34 

3.35.35 
3.37,38 
3.42,43 
3.45,48 
3.49,50 

3.55,56 

3.57,53 

3.59 

3.60,62 

3.32,33 

3 .39,40 
3.41,44 
3.46,47 

3.57,52 

3.53,54 

3.61,63 

Angle of twist: 
in simple shafts 

in shafts subjected to several torques 
in composite shafts 
in gear-connected shafts 

Design of shafts based on allowable stress and allowable angle of twist 

Statically indeterminate shafts: 
with inner core and outer shell of different materials 

Special problems 



Design of shafts: 

3.65,67 

3.64,66 

easy problems with solid shafts 

3.68,69 

3. 70, 72 

hollow shafts 

3.71,73 



3.74,75 

3.76,71 

gear-connected shafts 

3.80,81 

3.78,79 

multiple-criteria problems 

3 .82,83 



3.84,87 

3.55,86 

Stress concentrations in stepped shafts 

3.88,90 

3.89,97 



* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 
SI Units U.S. Units 

Problem description 

3.92,95 

3.93,94 

Plastic deformations of shafts: 

Shafts made of elastoplastic material: 
stresses in solid shafts 

3 .96,97 
3.98,100 

3.99,101 

angle of twist for solid shafts 

3.102,104 

3.103,105 


3.106,107 

3.108,109 

hollow and tapered shafts 

3.112,113 

3.110,111 

Shafts made of a material with a nonlinear stress-strain diagram 

3.116,117 

3.114,115 

Residual stresses and permanent angle of twist in shafts made of an 

3.118,119 

3.120 

elastoplastic material 

3.123,124 

3.121,122 

Bars with rectangular cross section: 
easy problems 

3.127,128 

3.125,126 


3.129,730 

3.131,132 

comparing circular and rectangular shafts 

3.134 

3.133 


3.135,137 

3.136,138 

application to structural shapes 

3.140,141 

3.139,745 

Thin- walled hollow shafts: 
determine shearing stresses 

3.142,143 

3.146 


3.144 

3.147,149 

3. 74#, 150 

Special problems 

3.752,153 

3.151,754 

Review problems 

3.156,157 

3.155,759 


3.158.161 

3.160,162 


3.C1,C2,C3 

3.C4,C5,C6 

Computer problems 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 
SI Units U.S. Units 

Problem description 


CHAPTER 4: PURE BENDING 



Normal stresses: 

4.1,3 

4.2,5 

in beams with horizontal plane of symmetry 

4.4,6 

4.7,3 


4.11 

4.9,10 

in unsymmetrical beams (first locate centroid) 

4.12,73 


Resultant force on portion of cross section 

4.14 



4.16,77 

4.15,18 

Beams with different allowable stresses in tension and compression 

4.19 ,20 



4.21,22 

4.23 

Maximum stress and radius of curvature 

4.24 



4.25,29 

4.26,27 

Maximization of beam strength 


4.28 


4.31 

4.30 

Anticlastic curvature 

4.32 


Special problem on theory 



Stresses in composite beams: 

4.33,34 

4.37,38 

symmetric beams of two materials 

4 .35,36 



4.39,40 

4.41 ,42 

unsymmetric beams of two materials 

4.43,44 

4.45 ,46 

Radius of curvature in composite beams 

4.49,50 

4.47,48 

Stresses in reinforced concrete beams 

4.53,54 

4.51,52 



4.55 ,56 

Beams of three materials 

4.58 

4.57 

Composite beams with circular cross section 

4.59 

*4.60 

Beams with different moduli of elasticity in tension and compression 

4.61 ,62 

4.63,64 

Stress concentrations in flat bars in pure bending 

4.65 ,66 





Plastic deformation in pure bending (elastoplastic material): 

4.67,68 

4.69 ,70 

plastic zone in rectangular beams 

4.71,72 



4 .73,74 

4.15,76 

plastic zone in symmetric beams 

4.11,1 8 

4.79,80 

plastic moment and shape factor of symmetric beams 

4.81,82 

4.84,86 

plastic moment of unsymmetric beams 

4.83,85 





Residual stresses in symmetric beams: 

4.87,88 

4.89,90 

after M p has been applied and removed 

4.91 

4.92 

after a given plastic zone has been developed 



Special problems: 

4.94 ,95 

4.93 

residual radius of curvature 

4.96 

4.97,98 

Plastic deformation of beams with a nonlinear stress-strain diagram 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 
SI Units U.S. Units 

Problem description 

4.99,102 

4.100.101 

Eccentric loading in plane of symmetry of member: 
find stress in symmetric section 

4.103,104 

4.106,107 

4.105,109 

design of symmetric section 

4.108,110 

4.111,112 


4.115,116 

4.113,114 

find stress in unsymmetric section 

4.117,120 

4.118,119 


4.121,122 

4.124,125 

computation of loads from strain measurements 

4.123,126 




4.127,129 

4.133,134 

4.136,131 

4.139,140 

*4.141 

4.144,145 

4.148,149 

4.152,153 

4.155 

4.157.158 

4.128,130 

4.131,132 

4.135,138 

*4.142 ; *143 

4.146,147 

4.150,151 

4.154,156 

4.159.160 

Unsymmetric bending with one or two planes of symmetry: 
bending moment at an angle with horizontal 

section at an angle with horizontal 

Bending of unsymmetric section (principal axes must be determined) 
General eccentric bending: 
symmetric beam; find stresses 

Bending of unsymmetric beams; determine largest bending moment 
Special problems and problems on theory 



Curved beams: 

4.161,162 

4.165,166 

4.163,164 

with rectangular cross section 

4.169,170 

4.167,765 

under eccentric loading 

4.173,174 

4.171,772 

with unsymmetric cross section 

4.177,178 

4.179 

4.175,776 

with circular cross section 

4.180 

4.181,752 

with triangular cross section 

4.185,756 

4.183,184 

with trapezoidal cross section 

*4.187.188 

4.190 

4. 189, *191 

special problems and derivations of formulas 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 


SI Units 

U.S. Units 

Problem description 

4.192,795 

4.795,194 

Review problems 

4.196,797 

4.198,299 


4.199,201 

4.202,203 



4.C1,C3 

4.C5,C7 

4.C2,C4 

4.C6 

Computer problems 


CHAPTER 5: 

ANALYSIS AND DESIGN OF BEAMS FOR BENDING 

5.L2 

5.M 

Using the free-body diagram of a portion of a beam: 
draw V and M diagrams (easy problems) 

5.5,6 

5.7,9 

5.8,79 

draw V and M diagrams and determine maximum values of V\ and M 

5.11,13 

5.12,74 


5.15,77 

5.16,20 

find maximum normal stress in given beam section 

5.18,79 

5.22,23 

5.21,25 

draw V and M diagrams and find maximum normal stress in beam 

5.24,26 

5.27,29 

5.25,31 

determine given parameter to minimize normal stress in beam 

5.30,33 

5.32 



5.34,35 

5.36,37 

Using relations among w, V and M whenever appropriate: 
draw V and M diagrams (easy problems) 

5.38,39 

5.41,42 

5.40,43 

draw V and M diagrams and determine maximum values of V\ and M 

5.44,45 

5.46,48 

5.47,49 

find maximum normal stress in a given beam section 

5.52,53 

5.59,57 

write equations for V and M and find maximum value of M 

5.55,56 

5.54,57 

draw V and M diagrams and find maximum normal stress in beam 

5.59,60 

5.58,61 


*5.52, *64 

*5.63 

Special problems 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
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Problem Number* 
SI Units U.S. Units 

Problem description 

5.65 ,66 

5.57,68 

Design of timber beams 

5.69,70 

5.73,74 

5.71,72 

Design of steel beams, W shapes 

5.11,78 

5.75,16 

Design of steel beams, S shapes 

5.79,80 

5.81,82 

Design of steel beams, miscellaneous shapes 

5.83 

5.84 

Design of beams resting on ground 

5.85,86 

5.87,88 

Find allowable load for beam of unsymmetric cross section with 

5.89 ,99 


allowable stresses in tension and compression 

5.93 

5.91,92 

Design of steel beams, W shapes 

*5.94, *95 

*5.96, *97 

Design of beams using LRFD 

5.98.100 

5.99,797 

Using singularity functions write equations for V(x ) and M(x) and 
find M at given point in beam 

5.102,105 

5.103,104 


5.106,108 

5.107,109 

find M max in beam 

5.110,777 


find <7 max in beam 

5.112,113 


find M max and cr max in beam 

5.116,111 

5.114,115 

design beam, knowing allowable stress 

5.118,119 

5.120,727 

Using a computer and step functions, 
calculate V and M along the beam 

5.122,123 

5.124,725 

calculate V and M along the beam , and determine o max in the beam 

5.128,729 

5.126,127 

Nonuniform beams 
Beams of constant strength: 
beams of uniform width and variable depth 

5.130,737 

5.134,135 

5.132,733 

built-up timber beams 

5.136 

5.137 

beams of circular cross section 

5.138 

5.139 

beams of uniform depth and variable width 

5.140,143 

5.141,742 

rolled-steel beams with cover plates 

5.144,145 

5.746,147 


5.148,149 

5.150,151 

tapered beams 

5.152,753 

5.154,755 

Review problems 

5.156,157 

5.158,159 


5.161,752 

5.769,163 


5.C1,C2 

5.C3,C4 

Computer problems 

5.C6 

5.C5 



* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 
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Mechanics of Materials Seventh Edition (CONTINUED) 



Problem Number* 


SI Units 

U.S. Units 

Problem description 


CHAPTER 6: SHEARING STRESSES IN BEAMS AND THIN- WALLED MEMBERS 

6.1,2 

6.3 ,6 

Shearing forces in nails and bolts, using horizontal cuts 

6.4,5 

6.1,8 


6.9,10 

6.11,12 

Shearing stresses in beams 

6.13,7 4 



6.16,18 

6.15,17 

Designs of beams for normal and shearing stresses 

6.19 ,20 



6.22,24 

6.21,23 

Beams with singly- symmetric sections 

6.26,28 

6.25,27 

Beams with various geometric sections 

6.30,32 

6.29,31 

Shearing forces and shearing stresses on arbitrary cuts due to vertical shear 

6.33,34 



6.35,36 

638,39 

Shearing stresses in extruded beams 

6.37,42 

6.40,47 


6.44,46 

6.43,45 

Shearing stresses in bolts 

6.48,49 

6.47,50 

Shearing stresses and shear flow in thin-walled members 

6.53,54 

6.51,52 

Special problems 

6.55,56 

6.58,59 

Shearing stresses in composite beams 

6.57 




6.60 

Plastic behavior 


6.61,62 

6.63,64 

Shear center in thin- walled beams with horizontal and vertical portions 

6.65,68 

6.66,67 

Shear center and shearing stresses in extruded beams 

6.70,72 

6.75,74 

6.69,71 

Shear center in thin-walled beams with oblique portions 
Shear center in thin- walled beams with circular portions 

6.76,77 

6.75,78 

Problems involving location of shear center 

6.79,80 


Special problems 

*6.81, *82 
*6.83, *84 

*6.85*86 
*6.87, *88 

Shearing stresses in semicircular shapes, angle shapes and Z shapes 


6.89 ,90 

6.91,92 

Review problems 

6.94 ,95 

6.93,96 


6.91,99 

6.95,100 



6. Cl 

6.C2 

Computer problems 

6.C3,C4 

6.C5,C6 



* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


SI Units 

Problem Number* 
U.S. Units 

Problem description 


CHAPTER 7: 

TRANSFORMATION OF STRESS AND STRAIN 

7.2,4 

7.1,3 

Find stresses on oblique plane from equilibrium of wedge 

7.5,7 

1.6,8 

Find principal planes and stresses 

7.9,11 

7.10,12 

Find planes of maximum shearing stress and corresponding stresses 

1.14,16 

7.13,15 

Find stresses on a given plane 

7.18,19 

7.17,21 

Stresses on oblique planes - simple applications 

1.20,22 



7.23,26 

7.24,25 

Find principal stresses and/or maximum shearing stress in loaded shaft 

7.27,29 

1.28,30 

Special problems involving determination of a stress to satisfy a given 



requirement 



Using Mohr’s circle, determine: 

7.31,33 

7.32,34 

principal planes and stresses, and maximum shearing stress 

1.36,38 

7.35,37 

stresses on oblique plane 

7.40,41 

7.39,43 

stresses on oblique plane - simple applications 

1.42,44 



7.45,48 

7.46,47 

principal stresses and/or maximum shearing stress in loaded shaft 

7.49,51 

1.50,52 


7.53 



1.55,56 

1.54,51 

find principal planes and stresses resulting from superposition of two 



states of stress 

7.58,59 

1.60,63 

find range of values of a parameter for which a certain stress will not be 

7.61,62 


exceeded 

7.64 

1.65 

Derivation of a formula involving Mohr’s circle 

7.68,69 

1.66,67 

In-plane and out-of-plane maximum shearing stress 

7.70,71 

1.72,13 

Maximum shearing stress in a three dimensional state of stress 

1.15,76 

7.74,77 

Maximum shearing stress (more advanced problems) 

1.78,19 



*7.80 



7.81,82 

7.83,84 

Determine if material will yield under given state of stress. If not, find 

1.85,86 

7.87,88 

the factor of safety 

7.89,90 

7.91,92 

Will rupture occur under a given state of stress? 

7.94,95 

1.93,97 

Find stress or load for which rupture will occur 

7.96 




* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 


SI Units 

U.S. Units 

Problem description 

7.98,99 

7.100,102 

Spherical pressure vessels (easy problems) 

7.797,103 



7.104,105 

7.797,109 

Cylindrical pressure vessels (easy problems) 

7.106,108 

7.779,111 


7.112,113 

7.779,117 

Stresses in welds in cylindrical pressure vessels 

7.114,115 

7.118,779 


7.122,723 

7.120,121 

Pressure vessels subjected to external loadings 

7.124,725 




7.126,127 

Shrunk fit rings 



Find state of strain associated with given rotation: 

7.129.131 

7.128.739 

using formulas of Sec. 7.10 

7.133,135 

7.132,734 

using Mohr’s circle 



Find principal strains and maximum shearing strain (in plane and out of plane): 

7.733.139 

7.136.137 

for a state of plane stress 

7.742.143 

7.140.141 

for a state of plane strain 

1.144,145 

7.146,149 

Problems involving strain rosettes 

7.147,148 



7.154,155 

7.150,151 

Problems involving use of Mohr’s circle and Hooke’s law 

7.156,157 

1.152,153 



7.159,799 

7.158,792 

Review problems 

7.161.163 

7.164,167 


7.165,799 

7.793,169 



7.C1,C2 

7.C5,C6 

7.C3,C4 

7.C7,C8 

Computer problems 


CHAPTER 8: PRINCIPAL STRESSES UNDER GIVEN LOADING CONDITIONS 

8.3,4 

8.1,2 

Principal stresses in rolled-steel beams: 
find o m in beam and <7 max at junction of flanges and web 

8.5,6 

8.7,3 

design beam, taking o m , r m , and er max into account 

8.9,79 

8.11,12 

check earlier design for cr max at junction of flanges and web 

8.13,74 

8.15,79 

8.19,20 

Design of transmission shafts: 

loading represented by forces and couples 

8.17,73 

8.21,22 


8.23,24 

8.25,29 

loading represented by input and output power 

8.27,28 

8.29,30 



* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


SI Units 

Problem Number* 
U.S. Units 

Problem description 



For beam of rectangular cross section under axial, bending and transverse loading 
(easy problems), find: 

8 .33,34 

8.31,32 

normal and shearing stresses 

8.35,36 


For beams of circular cross section under axial, bending, and transverse 
loading, find: 

8.38,40 

8.37,39 

normal and shearing stresses 

8.42,43 

8.47,44 

principal stresses and maximum shearing stress 
For beams of rectangular cross section under axial, bending and transverse 
loading, find: 

8.47,48 

8.45,46 

normal and shearing stresses 

8.51,52 

8.49,50 

principal stresses and maximum shearing stress 

For steel beams and structural tubes under axial, bending and transverse 
loading, find: 

8.53 ,54 


normal and shearing stresses 

8.55 ,56 

8.57,58 

principal stresses, principal planes, and maximum shearing stress 

8.6 0 

8.59 

Special problems 

*8.61 

*8.62 ,*63 
*8.64 

Problems involving torsion of rectangular sections or structural shapes 


8.66,57 

8.65,69 

Review problems 

8.68 ,70 

8.71,72 


8.74,76 

8.73,75 



8.C1,C2 

8.C4,C5 

Computer problems 

8.C3,C6 

8.C7 



* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


SI Units 

Problem Number* 
U.S. Units 

Problem description 


CHAPTER 9: DEFLECTION OF BEAMS 

Using the integration method, determine the equation of the elastic curve 
and the deflection and/or slope at specific points for: 

9.M 

9.L2 

cantilever beams 

9.5 

9.6 


9.7 

9.8 

overhanging beams 
simply supported beams 

9.10 

9.9 

symmetrical loading 

9.12 

9.11 

unsymmetrical loading 

9.14,15 

9.13 

beams and loadings requiring the use of 2 equations and 4 constants 

9.16 


of integration 

9.17 

9.18 

direct determination of the elastic curve from an analytic function of w(x) 
For a statically indeterminate beam (first degree), determine: 

9.19,21 

9.22,24 

9.20,23 

reaction at the roller support 

9.25,28 

9.26,27 

reaction at the roller support and draw the M diagram (use of 2 equations 
and 4 constants of integration required) 

9.30,32 

9.29,31 

reaction at the roller support and the deflection at a given point (use of 2 equations 
and 4 constants of integration required) 

9.33 

9.34 

For a statically indeterminate beam (second degree), determine the reaction at one end 
and draw the M diagram 


9.35,36 

9.37,38 

Using singularity functions, determine the equation of the elastic curve and 
the deflection and/or slope at specified points: 
easy problems 

9.39,40 


problems involving overhanging beams 

9.41,44 

9.42,43 

problems with distributed loads 

9.45,48 

9.46,47 

problems with numerical data 

9.49,51 

9.50,52 

For a statically indeterminate beam (first degree), determine the reaction at 

9.53,54 

9.55,56 

the roller support and the deflection at a specified point. 

9.57 

9.58 

For a statically indeterminate beam (second degree), determine the reaction 

9.59,62 

9.60,61 

at the roller support and the deflection at a specified point, 
determine the maximum deflection 

9 .63,64 


Problems involving the reduction of a load to a force-couple system. 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 
SI Units U.S. Units 

Problem description 

9.65,67 

9.66,68 

Using method of superposition, determine the deflection and slope at 
specified points in: 
cantilever beams 

9.71,72 

9.69,70 

simply supported beams 

9.73,74 

9.75,76 

cantilever beams (with numerical data) 

9.77 ,78 


simply supported beams (with numerical data) 

9.79,80 

9.82 

statically indeterminate beams (first degree) 

9.81 

9.83 

9.84 

statically indeterminate beams (second degree) 

9.85,88 

9.86,87 

combined beams, determinate (with numerical data) 

9.90,91 

9.89,92 

statically indeterminate beams (with numerical data) 

9.94 

9.93 

Combined bending and torsion of rods 

9.95,96 

9.97,98 

Using the moment- area method, determine the slope and/or deflection 
at specified points in 
cantilever beams 
with simple loadings 

9.99,100 

9.102,104 

9.101,103 

with numerical data 

9.105.107 

9. 106 J 08 

with variable El 

9.109.110 

9.111,112 

simply supported beams 
with symmetric loadings 

9.114 

9.113 


9.116 

9.115 

with variable El 

9.118,119 

9.117,121 

with numerical data 

9.120,122 

*9.123 

*9.124 

special problems 

9.125.126 

9.727.128 

Simply supported and overhanging beams with unsymmetric loadings 
simply supported beams (easy problems) 

9.129,130 

9.737,132 

simply supported beams with numerical data 

9.133 ,134 


overhanging beams 

9.136,138 

9.135,137 

overhanging beams (with numerical data) 

9.139 

9.140 

simply supported beams with variable El 

9.747.142 


Find maximum deflection for: 
simply supported beams 

9.143 

9.144 

with numerical data 

9.145 

9.146 

overhanging beams 

9.147,150 

9.148.749 

Statically indeterminate beams (first degree) 
single span 

9.152 

9.151 

two span beams, find all reactions 

9.153 

9.154 

single span beams (with numerical data) 

9.155 

9.156 

simply supported beams with additional elastic support at midspan 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 
SI Units U.S. Units 

Problem description 

9.158,161 

9.157,759 

Review problems 

9.164,165 

9.160 ,162 


9.7(57,168 

9.163,166 


9.C1,C3 

9.C2,C5 

Computer problems 

9.C4,C8 

9.C6,C7 


10.1,2 

10.4,5 

CHAPTER 10: COLUMNS 

Stability of rigid-rod-and- spring systems: 
single spring 

10.3 

10.7 

10.6,# 

systems with two or more springs 

10.9 

10.10 

Application of Euler’s formula to the critical loading or pin-ended columns: 
short struts 

10.72,13 

lo.n 

comparison of critical loads for various cross sections 

10.74 

10.16,7# 

10.15,17 

Allowable loading for pin-ended columns: 
rolled-steel shapes 

10.19,20 


multiple-member structures 

10.24,25 

10.21,22 

columns with various end conditions 

10.27,28 

10 .23,26 


10.29,30 

10.32,34 

Application of the secant formula to the eccentric loading of columns: 
find a max and either deflection or e for a given load 

10.31,33 

10.36,37 

10.35,3# 

find <7 max and load for a given deflection an eccentricity 

10.39,40 

10.41,42 

temperature induced loading 

10.43,44 

10.45 ,46 

find P a n for given e, cr max and F.S. (using Fig. 10.24) 

10.47,50 

10.4#, 49 

Design problems 
find column length 

10.51,52 

10.53,54 

find cross section of column 

10.55,56 


find factor of safety of column 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 
SI Units U.S. Units 

Problem description 

10.57,59 

10.58 

Analysis of columns under centric load: 
columns with simple cross section: 
steel columns 

10.60 

10.67 

wood columns 

10.62 

10.63,64 

aluminum columns 

10.66,67 

10.65,68 

columns with built-up cross sections: 
steel columns 

10.69 


wood columns 

10.76 


aluminum column 

10.71,75 

10.72 

Design of columns under a centric load: 
wood columns 

10.75,76 

10.74 

aluminum columns 

10.77,80 

10.78,79 

steel columns 

10.83,84 

10.81,82 


*10.86 

*10.85 

Application of LRFD formulas: 
analysis of columns under a centric loading 

*10.88 

*10.87 

design of columns under a centric loading 




Analysis of columns under an eccentric load: 

10.89,96 

10.91,92 

steel columns, find allowable load 
wood columns, find allowable load 

10.93,94 


aluminum columns, find allowable load 
Design of columns under an eccentric load: 



find maximum allowable length or allowable eccentricity: 


10.95,96 

10.97,93 

steel columns 

10.99,100 


wood columns 

10.101,102 


aluminum columns 
design cross section: 

10.103,104 


steel columns, rectangular cross section 

10.105,106 


steel columns, tube 

10.107,763 

10.109,776 

10.111,772 

wood columns, rectangular or circular cross sections 
aluminum columns 

10.775,116 

10.113,114 

steel column, wide-flange shape 

10.118,779 

10.117,120 

Review problems 

10.121,724 

10.722,123 


10.125,126 

10.727,128 


10.C1,C3,C6 

10.C2,C4,C5 

Computer problems 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 


SI Units 

U.S. Units 

Problem description 


CHAPTER 11: ENERGY METHODS 

11.2,3 

11.1,4 

Modulus of resilience 

Modulus of resilience and modulus of toughness: 

11.6 

11.5 

from stress-strain diagram 

11.7 

11.3 

from load-deflection diagram of a tensile test 
Strain energy under axial loads: 

11.10 

11.9,11 

strain energy under a given load 

1 1.12,73 


maximum allowable strain energy 

1 1.74,15 


factor of safety 

11.16 

11.17 

strain energy by integration of approximate methods 

1 1.79,20 

11.18 

strain energy of trusses 

11.21 



11.22 

11.23 

with numerical data 

11.24,27 

11.25 ,26 

Strain energy in bending: 

11.30,31 

11.28,29 

with numerical data 

11.32 


derivation of formulas 

11.33 

11.34 

Strain energy in torsion: 

11.35 


by integration 

11.36,37 

11.33,39 

Maximum-distortion-energy criterion for 3 -dimensional state of stress 

11.40 

1 1 .*41 

Special problems 




Impact loading: 

11.42 

11.43,44 

of rods (horizontal impact) 

11.45,4(5 

11.47 


of rods (vertical impact) 

11.50,51 

11.48,49 

of beams (horizontal impact) 

11.52,53 

11.54,55 

of beams (vertical impact) 

11.56,57 


problems on theory 

Use of work-energy method to determine deflection or slope of: 

11.58,61 

11.59,59 

prismatic beams 

11.62,65 

11.63,54 

nonprismatic beams 

1 1.66,(59 

11.67, 68 

angle of twist of shafts 

11.70 


angle of twist of a thin- walled hollow shaft 

11.77,72 

11.74,76 

11.73,75 

deflection of a joint of a truss 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 



TABLE II: CLASSIFICATION AND DESCRIPTION OF PROBLEMS 
Mechanics of Materials Seventh Edition (CONTINUED) 


Problem Number* 
SI Units U.S. Units 

Problem description 

11.77,78 

11.79,57 

1 1.80,82 

Work of several loads applied to a beam 

Determinate structures. Use Castigliano’s theorem to determine: 

11.83,86 

11.54,85 

deflection and/or slope of beams 

1 1 .88,89 

11.57,90 


11.93,94 

11.91,92 

deflection and/of slope of beams (with numerical data) 

11.95,96 

11.97,95 


11.99 .799 
1 1.103,794 

11.101,102 

deflection of a given joint in a truss 

11.105.106 

n. 108,110 

11.107.109 

deflection and/or slope at a given point in a bent or curved rod 
Indeterminate structures (first degree). Use Castigliano’s theorem to determine: 

11.113.114 

11.111.112 
1 1.775,776 

reaction at roller support and draw bending-moment diagram 


11.117.118 

force in member(s) of a truss 

11.119.121 

11.729,722 



11.123,126 

11.124,725 

Review problems 

11.727,129 

11.128.737 


1 1.130.733 

11.132.134 


1 l.C3,C4,C5 

1 l.Cl,C2,C6 

Computer problems 


* Problems that do not involve any specific system of units have been indicated by underlining their number. 
Answers are not given to problems with a number set in italic type. 
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CHAPTER 1 







PROBLEM 1.1 

Two solid cylindrical rods AB and BC are 
welded together at B and loaded as shown. 
Knowing that d x =30 mm and d 2 =50 mm, 
find the average normal stress at the 
midsection of (a) rod AB, (b) rod BC. 


SOLUTION 




(a) 

Rod AB: 





Force: 

p = 

60x 10 3 N tension 



Area: 

A = 

— d? = — (30 x 10" 3 ) 2 = 706.86 x 10“ 6 m 2 
4 1 4 



Normal stress: 

° AB 

60x 103 4 = 84.882,10* Pa 
A 706.86 x 10“ 6 

a AB = 84.9 MPa ◄ 

(b) 

Rod BC: 





Force: 

p = 

60 x 10 3 - (2)(125 x 10 3 ) = -190 x 10 3 N 



Area: 

A = 

—4 = —(50 x 10" 3 ) 2 = 1.96350 x 10“ 3 m 2 
4 2 4 



Normal stress: 

a BC = 

P = _190x10 = 96.766 x 10 s Pa 

A 1.96350 xl0“ 3 

c j bc = -96.8 MPa A 
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PROBLEM 1.2 

Two solid cylindrical rods AB and BC are 
welded together at B and loaded as shown. 
Knowing that the average normal stress must 
not exceed 150 MPa in either rod, determine 
the smallest allowable values of the diameters 
d\ and ^ 2 - 


SOLUTION 




( a ) Rod ^4i?: 




Force: 

P = 60 x 10 3 N 



Stress: 

a AB = 150 x 10 6 Pa 



Area: 

A = -d} 
4 




P A P 

°AB = A = 

A °AB 




p 

4 




2= 4P = (4)(60xl0h = 509 30xl0 - 6m2 
na AB ^-(150 xlO 6 ) 




d x = 22.568 xl0" 3 m 

d^ 

= 22.6 mm -4 

(b) Rod BC\ 




Force: 

P = 60 x 10 3 - (2)(125 x 10 3 ) = -190 x 10 3 N 



Stress: 

c t bc = -150 x 10 6 Pa 



Area: 

A = —dl 

4 2 




P 4 P 

a BC ~ A ~ j 2 

A 7ld 2 




di= 4P = (4)( - 190xl0 ; ) = 1.61277 xl0- 3 m 3 
m 7 bc 7i{-\ 50 x 10 6 ) 




d 2 = 40.159 x 10 _3 m 


= 40.2 mm ◄ 
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A 


30 in. 



P 


PROBLEM 1.3 

Two solid cylindrical rods AB and BC are welded together at B and loaded as 
shown. Knowing that P = 10 kips, find the average normal stress at the 
midsection of (a) rod AB, ( b ) rod BC. 


SOLUTION 

(a) Rod AB: 


(b) Rod BC\ 


P = 12 + 10 = 22 kips 


A = 


° AB ~ 


—d} = — (1.25) 2 = 1.22718 in 2 
4 1 4 

P 22 

— = = 17.927 ksi 

A 1.22718 


P = 10 kips 


A = 


a AB ~ 


—d\ = — (0.75) 2 = 0.44179 in 2 
4 2 4 

— = — — — = 22.635 ksi 
A 0.44179 


o ' ab - 1^.93 ksi M 


o AB = 22.6 ksi M 
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PROBLEM 1.4 

A 


30 in. 


- 1.25 in. 


J 


Two solid cylindrical rods AB and BC are welded together at B and loaded as 
shown. Determine the magnitude of the force P for which the tensile stresses in 
rods AB and BC are equal. 


SOLUTION 

(a) Rod AB: 


(b) Rod BC: 


P = P + 12 kips 

A = — = -(1.25 in.) 2 
4 4 

A = 1.22718 in 2 
_ P + 12 kips 
° AB ~ 1.22718 in 2 

P = P 

A = —d 1 = —(0.75 in.) 2 
4 4 

A = 0.44179 in 2 

P 

O' BC ~ T 

0.44179 in 2 

a AB “ O bc 

P + 12 kips _ P 
1.22718 in 2 ~ 0.44179 in 2 
5.3015 = 0.78539P 


P = 6.75 kips ◄ 
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1200 N 


PROBLEM 1.5 

A strain gage located at C on the surface of bone AB indicates that the average normal stress 
in the bone is 3.80 MPa when the bone is subjected to two 1200-N forces as shown. 
Assuming the cross section of the bone at C to be annular and knowing that its outer diameter 
is 25 mm, determine the inner diameter of the bone’s cross section at C. 


r 1200 N 


SOLUTION 

P A P 

A G 


Geometry: A = - d%) 

ell = d{ - — = d[ - — 

71 JIG 



d\ = (25 x 10 -3 ) 2 - ^ 12 °°) 6 

>r(3.80 x 10 6 ) 



= 222.92 xl0" 6 m 2 



d 2 = 14.93 xl0“ 3 m 

d 2 = 14.93 mm A 
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m' 


100 m 


-15 mm 


- 10 mm 


PROBLEM 1.6 

Two brass rods AB and BC , each of uniform diameter, will be brazed together 
at B to form a nonuniform rod of total length 100 m, which will be suspended 
from a support at ,4 as shown. Knowing that the density of brass is 8470 kg/m 3 , 
determine (a) the length of rod AB for which the maximum normal stress in 
ABC is minimum, ( b ) the corresponding value of the maximum normal stress. 


SOLUTION 


Areas: 

A ab = -^-(15 mm) 2 = 176.715 mm 2 = 176.715 x 10 6 m 2 
A bc = ^(10 mm) 2 = 78.54 mm 2 = 78.54 x 10" 6 m 2 


From geometry, 

b = 100 - a 


Weights: 

W AB = pgA AB £ AB = (8470X9.81X176.715 x 10“ 6 )a = 14.683a 

W BC = pg A bc £ bc = (8470)(9.81)(78.54 x 10" 6 )(100 - a) = 652.59 - 6.526 a 


Normal stresses: 



At A, 

P A = W AB + W BC = 652.59 + 8.157a 

(l) 


<7a = Pa = 3.6930 xl0 6 + 46.160 xl0 3 a 
A 

^ AB 


At B , 

P B = w BC = 652.59 - 6.52 6a 

(2) 


a n = Pb = 8.3090 X 10 6 83.090 x 10 3 a 

u A 



(a) Length of rod AB . The maximum stress in ABC is minimum when cr A = <j b or 

4.6160 x 10 6 - 129.25 x 10 3 a = 0 

a = 35.71 m £ AB = a = 35.7 m -4 

(b) Maximum normal stress . 

cr A = 3.6930 x 10 6 + (46.160 x 10 3 )(35.71) 
a B = 8.3090 x 10 6 - (83.090 x 10 3 )(35.71) 

a A =a B = 5.34 x 10 6 Pa <r = 5.34 MPa ◄ 
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SOLUTION 

Use bar ABC as a free body. 




EM C = 0 : (0.040) F BD - (0.025 + 0.040)(20 x 10 3 ) = 0 

F bd = 32.5 x 10 3 N Link BD is in tension. 

= 0 : -(0.040) - (0.025)(20 x 10 3 ) = 0 

F ce = -12.5 x 10 3 N Link CE is in compression. 
Net area of one link for tension = (0.008)(0.036 - 0.016) = 160 x 1CT 6 m 2 
For two parallel links, 

(a) 


A nct = 320 x 10” 6 m 2 

cr BD = = 32-5 x10 = 101.563 x 10 6 

A mt 320 x 10“ 6 


6 2 


Area for one link in compression = (0.008)(0.036) = 288 x 10 m 
For two parallel links, 


A = 576 x 10“ 6 m 2 


(b) 


> CE 


CE 


-12.5x10 
576 x 10“ 


,3 


-21.701x10“ 


a BD = 101.6 MPa ◄ 


a CE = -21.7 MPa ◄ 
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SOLUTION 

Use the plate together with two pulleys as a free body. Note that the cable tension causes at 1200 lb-in. 
clockwise couple to act on the body. 



+)EM S = 0: - (12 + 4 ){F ac cos 30°) + (10 )(F AC sin30°) - 1200 lb = 0 
1200 lb 


Fac = - 


16 cos 30° - 10 sin 30° 


= -135.500 lb 


Area of link AC: 
Stress in link A C: 


1 ? 

A = lm.x— m. = 0.125 m 2 
8 

, r = ^ = - 135 ' 5 ° = 1084 psi = 1.084 ksi 
c A 0.125 


◄ 
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0.100 m 



PROBLEM 1.9 

Three forces, each of magnitude P - 4 kN, are applied to the mechanism 
shown. Determine the cross-sectional area of the uniform portion of rod 
BE for which the normal stress in that portion is +100 MPa. 


SOLUTION 

Draw free body diagrams of AC and CD. 




Free Body CD : +)l 'M D = 0: 0.150P - 0.250C = 0 

C = 0 .6P 

Free Body /I C : +)M A = 0: 0.150F BE - 0.350P - 0.45OP - 0.450C = 0 

F be = = 7.1333 P = (7.133X4 kN) = 28.533 kN 


Required area of BE : 


a BE 


Abe 


Fbe 

Abe 


F be _ 28.533 x IQ 3 
a BE ~ 100 xlO 6 


= 285.33 x 10“ 6 m 2 


A be = 285 mm 2 4 
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PROBLEM 1.10 

Link BD consists of a single bar 1 in. wide and 
j- in. thick. Knowing that each pin has a -in. 

diameter, determine the maximum value of the 
average normal stress in link BD if (a) 0=0, 
0 b ) 0 = 90°. 
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PROBLEM 1.12 

The frame shown consists of four wooden members, ABC, 
DEF, BE, and CF. Knowing that each member has a 2 x 4-in. 
rectangular cross section and that each pin has a y-in. 
diameter, determine the maximum value of the average 
normal stress (a) in member BE , ( b ) in member CF. 


SOLUTION 





Stress in tension member CF : 


Add support reactions to figure as shown. 

Using entire frame as free body, 

Y,M a = 0: 40, D x - (45 + 30)(480) = 0 
D x = 900 lb 


Use member DEF as free body. 

Reaction at D must be parallel to Fbe and E_t 


A, 


-A = 12001b 


= 0: - (30) —F l 


- BE 


- (30 + 15) A = 0 


F be = -2250 lb 


2 M e = 0: (30)^-F cf J - (15) A = 0 
F ce = 750 lb 

Stress in compression member BE: 

Area: A = 2 in. x 4 in. = 8 in 2 


. , F rf -2250 . 

(a) a BE = = — - — a BE = -281 psi ◄ 

Minimum section area occurs at pin. 

A mm =(2)(4.0-0.5) = 7.0in 2 

(b) a CF = a CF =107.1 psi ◄ 

Anin 
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1 




Dimensions in mm 


PROBLEM 1.13 


1150 


D 

1 - < 


1 

^ 100 An aircraft tow bar is positioned by means of a single 

(q 

> 

G 



C 

450 hydraulic cylinder connected by a 25-mm-diameter steel 

\V A 






B 

rod to two identical arm-and- wheel units DEF. The mass 


yj F-M 

Fjj — - 


E 



' 250 of the entire tow bar is 200 kg, and its center of gravity 







is located at G. For the position shown, determine the 


850 

'500' 

675 ' 

825 


normal stress in the rod. 


SOLUTION 



FREE BODY - ENTIRE TOW BAR : 

W = (200 kg)(9.81 m/s 2 ) = 1962.00 N 
+) IM a = 0: 850 R - 1 150(1962.00 N) = 0 
R = 2654.5 N 

FREE BODY - BOTH ARM & WHEEL UNITS: 


tan a 

+>m £ 

Fcd 


100 

675 

0: 


a = 8.4270° 

(F cz ,cosa)(550) - fl(500) = 0 


500 

550 cos 8.4270° 


(2654.5 N) 


= 2439.5 N (comp.) 

_ _ Fcd_ _ 2439.5 N 

A cd ~ ^-(0.0125 m) 2 


= -4.9697 x 10 6 Pa a CD = -4.97 MPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


15 


150 mm 



150 mm 200 mm 


PROBLEM 1.14 

Two hydraulic cylinders are used to control the position 
of the robotic arm ABC. Knowing that the control rods 
attached at A and D each have a 20-mm diameter and 
happen to be parallel in the position shown, determine the 
average normal stress in (a) member AE, (b) member DG. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


16 


PROBLEM 1.15 

Determine the diameter of the largest circular hole that can be punched into a sheet of polystyrene 6 mm 
thick, knowing that the force exerted by the punch is 45 kN and that a 55-MPa average shearing stress is 
required to cause the material to fail. 


SOLUTION 



For cylindrical failure surface: 

ii 


Shearing stress: 

P A P 

t = — or A = — 

A T 


Therefore, 

p 

— = n at 

T 


Finally, 

d=^ 

7TtT 



45 x 10 3 N 



~ ^-(0.006 m)(55xl0 6 Pa) 



= 43.406 xl0“ 3 m 

d = 43.4 mm A 
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PROBLEM 1.16 

Two wooden planks, each j- in. thick and 9 in. 
wide, are joined by the dry mortise joint shown. 
Knowing that the wood used shears off along its 
grain when the average shearing stress reaches 
1.20 ksi, determine the magnitude P of the axial 
load that will cause the joint to fail. 


SOLUTION 

Six areas must be sheared off when the joint fails. Each of these areas has dimensions J- in. x j- in., its area 
being 

5 1 5 o o 

A - — x — = — in 2 = 0.3125 in 2 
8 2 16 

At failure, the force carried by each area is 

F = tA = (1.20 ksi)(0.3125 in 2 ) = 0.375 kips 
Since there are six failure areas, 

P = 6F = (6)(0.375) P = 2.25 kips ◄ 
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oe in PROBLEM 1.17 

— 

> 

1 1 p When the force P reached 1600 lb, the wooden specimen shown failed 

< I /\— — 1 

in shear along the surface indicated by the dashed line. Determine the 

t 


\ average shearing stress along that surface at the time of failure. 

Steel 

3 in. 

Wood " 


SOLUTION 



Area being sheared: 

A = 3 in. x 0.6 in. = 1.8 in 2 


Force: 

P = 1600 lb 


Shearing stress: 

t = P 1600 = 8.8889 x 10 2 psi 

A 1.8 in 2 

t = 889 psi A 
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I 

— 40 mm — 

A 

10 mm 


1? 


\ 

1 

12 mm — ► 

T 




PROBLEM 1.18 

A load P is applied to a steel rod supported as shown by an aluminum 
plate into which a 12-mm-diameter hole has been drilled. Knowing that 
the shearing stress must not exceed 180 MPa in the steel rod and 70 MPa 
in the aluminum plate, determine the largest load P that can be applied to 
the rod. 


SOLUTION 


For steel: 

A x = 7i dt = ^-(0.012 m)(0.010 m) 


= 376.99 xlO" 6 m 2 


r x = — P = A x r x = (376.99 x 10 _6 m 2 )(180 x 10 6 Pa) 
A 


= 67.858 x 10 3 N 

For aluminum: 

A 2 = ndt = tt(0M0 m)(0.008 m) = 1.00531 x 10" 3 m 2 


t 2 = — P = A 2 t 2 = (1.00531 x 10“ 3 m 2 )(70 x 10 6 Pa) = 70.372 x 10 3 N 

a 2 

Limiting value of P is the smaller value, so P = 67.9 kN A 
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SOLUTION 




Bearing area: A b = Lw 





P 

P 



° b “T" “ 

A b 

Lw 



p 

20 x 10 3 lb 



L = 

= = 8.33 in. 

L = 8.33 in. A 


<7 b W 

(400 psi)(6 in.) 
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PROBLEM 1.20 

Three wooden planks are fastened together by a series of bolts to form 
a column. The diameter of each bolt is 12 mm and the inner diameter 
of each washer is 1 6 mm, which is slightly larger than the diameter of 
the holes in the planks. Determine the smallest allowable outer 
diameter d of the washers, knowing that the average normal stress in 
the bolts is 36 MPa and that the bearing stress between the washers 
and the planks must not exceed 8.5 MPa. 


SOLUTION 




Bolt: 

^Bolt “ 

”' 2 =' r(0 '° 12m)2 =U3097 xl0-m 2 
4 4 


Tensile force in bolt: 

p 

a = — 

=> P = a A 



A 

= (36 x 10 6 Pa)(l. 13097 x lO^m 2 ) 
= 4.0715 x 10 3 N 


Bearing area for washer: 


a, = ~ (d - d) 


and 


II 




g brg 


Therefore, equating the two expressions for A w gives 



-id 

l dj) = p 



4 ' 

(J BRG 




d] = + df 




k<j brg 




.2 4 (4.0715 x 10 3 N) , 2 

d„ = — t + (0.016 mr 

n (8.5 x 10 6 Pa) 

d; = 8.6588 xl0 _4 m 2 

d Q = 29.426 xl0" 3 m 

d 0 = 29.4 mm A 
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P = 40 kN 


PROBLEM 1.21 



A 40-kN axial load is applied to a short wooden post that is 
supported by a concrete footing resting on undisturbed soil. 
Determine {a) the maximum bearing stress on the concrete 
footing, (b) the size of the footing for which the average bearing 
stress in the soil is 145 kPa. 


SOLUTION 


(a) 

Bearing stress on concrete footing. 



P = 40 kN = 40 x 10 3 N 
A = (100)(120) = 12 x 10 3 mm 2 = 12 x 10“ 3 m 2 



P 40 x 10 3 tA6n 

<j — — = T = 3.3333 x 10 Pa 

A 12 x 10“ 3 

3.33 MPa ◄ 

(b) 

Footing area. P = 40 x 10 3 N a = 145 kPa = 45 x 10 3 Pa 



P t P 40 x 10 3 2 

(j = — A = — = — = 0.27586 m 2 

A a 145 x 10 3 



Since the area is square, A = b 2 



b = sfA = V0.27586 = 0.525 m 

b = 525 mm A 
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PROBLEM 1.22 

An axial load P is supported by a short W8 x 40 column of cross- 
sectional area A = 11.7 in 2 and is distributed to a concrete foundation 
by a square plate as shown. Knowing that the average normal stress in 
the column must not exceed 30 ksi and that the bearing stress on the 
concrete foundation must not exceed 3.0 ksi, determine the side a of 
the plate that will provide the most economical and safe design. 


SOLUTION 



p 

For the column, o - — or 
A 

P = a A = (30X11.7) = 351 kips 


For the a x a plate, a - 3.0 ksi 

, P 351 2 

A = — = = 1 17 in 

a 3.0 


Since the plate is square, A - a 1 

II 

II 

a = 10.82 in. A 
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PROBLEM 1.23 

Link AB, of width b = 2 in. and thickness t = ~ in., is used to support the end of a 
horizontal beam. Knowing that the average normal stress in the link is -20 ksi and 
that the average shearing stress in each of the two pins is 12 ksi, determine (a) the 
diameter d of the pins, ( b ) the average bearing stress in the link. 


SOLUTION 

Rod AB is in compression. 


Pin: 

and 

(a) d 


4Ap 


n 


A = bt where b = 2 in. and t = — in. 

4 


P = -a A = -(—20X2)| ^| = 10 kips 


T P = 


A P = -d 2 
P 4 


4 P 


TCT p 


( 4 ) 00 ) 

* 02 ) 


1.03006 in. 


00 <7b = -r = 


10 


dt (1.03006X0.25) 


= 38.833 ksi 


d = 1.030 in. A 


<j b = 38.8 ksi A 
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16 mm 



PROBLEM 1.24 

Determine the largest load P which may be applied at A when 
6- 60°, knowing that the average shearing stress in the 10-mm- 
diameter pin at B must not exceed 120 MPa and that the average 
bearing stress in member AB and in the bracket at B must not 
exceed 90 MPa. 


SOLUTION 


Geometry: Triangle ABC is an isoseles triangle with angles shown here. 



Use joints as a free body. 




Law of sines applied to force triangle: 

P 

sin 30° 
P 

P 


Fab _ F ac 
sin 120° sin 30° 


F ab sin 30° 
sin 120° 
F ac sin 30° 
sin 30° 


= 0.57735 F ab 
= Fac 
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PROBLEM 1.24 (Continued) 


If shearing stress in pin at B is critical, 

A = —d 2 = — (0.010) 2 = 78.54 x 10" 6 m 2 
4 4 

F ab = 2 At = (2)(78.54 x 10“ 6 )(120 x 10 6 ) = 18.850 x 10 3 N 
If bearing stress in member^ at bracket at A is critical, 

A b =td = (0.016)(0.010) = 160 x 10“ 6 m 2 
F ab = A h a h = (160 x 10“ 6 )(90 x 10 6 ) = 14.40 x 10 3 N 
If bearing stress in the bracket at B is critical, 

A b = ltd = (2X0.012)(0.010) = 240 x 10“ 6 m 2 
F ab = Mb = ( 240 x 10“ 6 )(90 x 10 6 ) = 21.6 x 10 3 N 
Allowable F AB is the smallest, i.e., 14.40 x 10 3 N 

Then from statics, P allow = (0.57735)(14.40 x 10 3 ) 

= 8.31 x 10 3 N 8.31 kN A 
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p 



PROBLEM 1.25 

Knowing that 6 = 40° and P = 9 kN, determine (a) the smallest 
allowable diameter of the pin at B if the average shearing stress in 
the pin is not to exceed 120 MPa, ( b ) the corresponding average 
bearing stress in member AB at B , (c) the corresponding average 
bearing stress in each of the support brackets at B. 


SOLUTION 


Geometry: Triangle ABC is an isoseles triangle with angles shown here. 



Use joint A as a free body. 



Law of sines applied to force triangle: 

P 

sin 20° 
Fab 



_ f ab _ F ac 

sin 110° sin 50° 

_ P sin 1 10° 
sin 20° 

(9) sin 110° . . ___ . _ T 

= FA = 24.727 kN 

sin 20° 
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45 mm 


PROBLEM 1.26 

The hydraulic cylinder CF, which partially controls the position of rod 
DE , has been locked in the position shown. Member BD is 15 mm 
thick and is connected at C to the vertical rod by a 9-mm-diameter 
bolt. Knowing that P - 2 kN and 6 - 75°, determine {a) the average 
shearing stress in the bolt, ( b ) the bearing stress at C in member BD. 
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0.4 m 



PROBLEM 1.27 

For the assembly and loading of Prob. 1.7, determine (a) the average 
shearing stress in the pin at B , ( b ) the average bearing stress at B in 
member BD , (c) the average bearing stress at B in member ABC , 
knowing that this member has a 10 x 50-mm uniform rectangular cross 
section. 

PROBLEM 1.7 Each of the four vertical links has an 8 x 36-mm 
uniform rectangular cross section and each of the four pins has a 16-mm 
diameter. Determine the maximum value of the average normal stress in 
the links connecting (a) points B and D , ( b ) points C and E. 


SOLUTION 

Use bar^C as a free body. 


2o kfJ ft 


- 6 . 62 £ -a4-* 0-04o 


+)lM c = 0 : (0.040)F bd - (0.025 + 0.040)(20 x 10 3 ) = 0 


F bd = 32.5 x 10 3 N 


A 

e 


C ' 


S 

( f"6J> 

sf 


C8 


(a) Shear pin at B . 
where 


(. b ) Bearing: link BD . 


r = — — for double shear 
2 A 

A = —d 2 = — (0.016) 2 = 201.06 x 10“ 6 m 2 
4 4 


T = 


32.5 x 10 = 80.822 x 10 6 Pa 


(2)(20 1 .06 x 10~ 6 ) 
dt = (0.016)(0.008 
\F bd _ (0.5)(32.5 x 10 3 ) 


A = dt = (0.016X0.008) = 128 x 10“ 6 m 2 


<j h = = 2 - Z = 126 .95 x 10 6 Pa 


128 x 10 


i-6 


,- 6 ™ 2 


(c) Bearing in ABC at B . A = dt = (0.016X0.010) = 160 x 10"°m 


Eml = 32 - 5x1 ° = 203.12 x 10 6 Pa 

A 160 x 10“ 6 


r = 80.8 MPa ◄ 


<j h = 127.0 MPa ◄ 


o h = 203 MPa ◄ 
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PROBLEM 1.28 

Two identical linkage-and-hydraulic-cylinder systems control the 
position of the forks of a fork-lift truck. The load supported by the one 
system shown is 1500 lb. Knowing that the thickness of member BD is 
| in., determine (< a ) the average shearing stress in the y-in. -diameter 
pin at B , ( b ) the bearing stress at B in member BD. 


SOLUTION 


Use one fork as a free body. 



+)£M b = 0: 24 E- (20)(1500) = 0 

E = 1250 lb — 

±JEF X = 0: E + B x = 0 
B X =~E 

B x = 1250 lb — 

+j IF y = 0: B y - 1500 = 0 B y = 1500 lb 

B = ft^ + B] = Vl250 2 + 1500 2 = 1952.56 lb 


(a) 


(b) 


Shearing stress in pin at B . 


A P „ 





1952.56 

0.196350 


0.196350 in 2 
9.94 x 10 3 psi 


Bearing stress at B . 


B 


cj = — 
dt 


1952.56 

OKI) 


6.25 x 10 3 psi 


r = 9.94 ksi M 


a = 6.25 ksi M 
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p PROBLEM 1.29 

M50 mm 

gg 


Two wooden members of uniform rectangular cross section are joined 
by the simple glued scarf splice shown. Knowing that P = 11 kN, 

pjyp 

A45 0 

determine the normal and shearing stresses in the glued splice. 

75 mmL/ 




SOLUTION 

0 = 90° - 45° = 45° 

P = 1 1 kN = 1 1 x 10 3 N 

A 0 = (150X75) = 11.25 x 10 3 mm 2 =11.25 x 10“ 3 m 2 

Pcos 2 6 (11 x 10 3 )cos 2 45° , , 

A 0 11.25 xlO“ 3 

P sin 20 (1 1 x 10 3 )(sin90°) in3n 

t = = — r— = 489 x 10 Pa 

2 A 0 (2)(1 1.25 x 10 -3 ) 


cr = 489 kPa M 
r = 489 kPa A 
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PROBLEM 1.30 

Two wooden members of uniform rectangular cross section are joined 
by the simple glued scarf splice shown. Knowing that the maximum 

75 mmL/ 

Aa 45 ° 

allowable shearing stress in the glued splice is 620 kPa, determine 
( a ) the largest load P that can be safely applied, (b) the corresponding 
tensile stress in the splice. 


SOLUTION 


(a) 

(b) 


G = 90° - 45° = 45° 

A 0 = (150)(75) = 11.25 x 10 3 mm 2 =11.25 x 10" 3 m 2 

t = 620 kPa = 620 x 10 3 Pa 
P sin 20 

T = 

2A 0 

_ 2 A£ _ (2)(1 1.25 x 10~ 3 )(620 x 10 3 ) 
sin2# sin 90° 

= 13.95 xl0 3 N 

_ -Pcos 2 G _ (13.95 xl0 3 )(cos45°) 2 
A 0 11.25 xlO -3 

= 620 x 10 3 Pa 


P = 13.95 kN ◄ 


cr = 620 kPa 4 
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SOLUTION 

P = 1400 lb 

o 

O 

m 

II 

o 

O 

SO 

1 

o 

O 

G\ 

II 




A 0 = (5.0X3.0) = 

= 15 in 2 




__ Pcos 2 0 

(1400)(cos30°) 2 

a = 70.0 psi 

<4 


CJ — — 

^0 

15 



P sin 2(9 

(1400) sin 60° 

r = 40.4 psi 



i 

o 

<N 

1 

( 2 ) 05 ) 
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SOLUTION 

A 0 = (5.0)(3.0) = 15 in 2 



O 

O 

cn 

II 

o 

O 

Vi O 

1 

o 

O 

Os 

II 



Pcos 2 6 

G - 

^0 


(a) 

^ = (75X15) = 1500Ib 
cos 2 6 cos 2 30° 

P = 1.500 kips ◄ 

(b) 

P sin 2 6 (1500) sin 60° 

24 ~ (2)05) 

r = 43.3 psi A 
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PROBLEM 1.33 

A centric load P is applied to the granite block shown. Knowing that the 
resulting maximum value of the shearing stress in the block is 2.5 ksi, determine 
(a) the magnitude of P, ( b ) the orientation of the surface on which the maximum 
shearing stress occurs, (c) the normal stress exerted on that surface, ( d ) the 
maximum value of the normal stress in the block. 


SOLUTION 


(a) 

(b) 

(c) 

(d) 


A 0 = (6)(6) = 36 in 2 
W = 2 -5 ksi 

6 = 45° for plane of r max 


T — 


24, 


|P|=24,r max =(2)(36)(2.5) 


sin 20 = 1 20 = 

P 2 Ac 

(j A z = — cos 45 
A 



180 

(2X36) 



-180 

36 


P = 180.0 kips A 
e = 45.0° ◄ 
045 = -2.50 ksi -4 

CTmax = -5.00 ksi 4 
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PROBLEM 1.34 

A 240-kip load P is applied to the granite block shown. Determine the resulting 
maximum value of (a) the normal stress, ( b ) the shearing stress. Specify the 
orientation of the plane on which each of these maximum values occurs. 


SOLUTION 


A 0 = (6)(6) = 36 in 2 

P 2/i — 240 2 /i / 2 /i 

<j = — cos 6 = cos 6 = -6.67 cos 6 

4) 36 


(a) 

(b) 


max tensile stress = 0 at 6 = 90.0° 
max. compressive stress = 6.67 ksi at 6 - 0° 
_ _P_ _ 240 

W ~ 2Aq~ (2)(36) 


◄ 

W = 3 - 33 ksi ^ 
at 6 = 45° 
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PROBLEM 1.35 

A steel pipe of 400-mm outer diameter is fabricated from 1 0-mm thick 
plate by welding along a helix that forms an angle of 20° with a plane 
perpendicular to the axis of the pipe. Knowing that a 300-kN axial 
force P is applied to the pipe, determine the normal and shearing 
stresses in directions respectively normal and tangential to the weld. 


SOLUTION 


d 0 = 0.400 m 
r Q - ~d Q = 0.200 m 

= r G - 1 = 0.200 - 0.010 = 0.190 m 
A o = n{rl - r?) = ;r(0.200 2 - 0.190 2 ) 


e 

& 


T 


= 12.2522 xl0“ 3 m 2 
= 20 ° 

P 2 n -300 x 10 3 cos 2 20° 
A 0 12.2522 xl0“ 3 

P . -300 x 10 3 sin 40° 

2A 0 (2X12.2522 x 10“ 3 ) 


= 21.621 x 10 6 Pa 
= 7.8695 xlO 6 Pa 


a = -21.6 MPa A 
t = 7.87 MPa ◄ 
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PROBLEM 1.36 

A steel pipe of 400-mm outer diameter is fabricated from 10-mm 
thick plate by welding along a helix that forms an angle of 20° with a 
plane perpendicular to the axis of the pipe. Knowing that the 
maximum allowable normal and shearing stresses in the directions 
respectively normal and tangential to the weld are a = 60 MPa and 
t - 36 MPa, determine the magnitude P of the largest axial force that 
can be applied to the pipe. 


SOLUTION 


d 0 = 0.400 m 

r 0 - ~ 2 ^o ~ 0-200 m 
r i - r () - 1 - 0.200 - 0.010 = 0.190 m 
A o = n(rl - r?) = ;r(0.200 2 - 0.1 90 2 ) 
= 12.2522 xl0“ 3 m 2 

e = 20° 


Based on 


Based on 


\<j\ = 60 MPa: cj = —cos 2 6 

A 

p _ A ^ - ( 1 2 - 2522 X 10 " 3 X 60 X !° 6 ) _ c c .. ,n3 


cos 2 6 


cos 2 20° 


= 832.52 x 10 N 


|r|=30MPa: t = — —sin20 
2 A„ 


_ 2 Aj _ (2)(12.2522 x 10~ 3 )(36 x 10°) _ 


P = 

sin 20 

Smaller value is the allowable value of P. 


sin 40° 


= 1372.39 x 10 N 


P = 833 kN ◄ 
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PROBLEM 1.37 

A steel loop ABCD of length 5 ft and of -in. diameter is placed as 
shown around a 1 -in. -diameter aluminum rod AC. Cables BE and DF , 
each of j- -in. diameter, are used to apply the load Q. Knowing that the 
ultimate strength of the steel used for the loop and the cables is 70 ksi, 
and that the ultimate strength of the aluminum used for the rod is 38 ksi, 
determine the largest load Q that can be applied if an overall factor of 
safety of 3 is desired. 


SOLUTION 


Q 

fL Fab 



Based on strength of rod^C, 
3 


Using joint B as a free body and considering symmetry, 
2-jF ab -Q = 0 Q = jF ab 
Using joints as a free body and considering symmetry, 
2-jF ab -F ac =0 

-■^Q-F AC = o .-. Q = \f ac 
5 6 4 


Based on strength of cable BE , 

Qu 


A * 72 

a u^ ~ &u — d 


(70)— f i 
4 l 2 


13.7445 kips 


Based on strength of steel loop 

_ 6 

5 AB ’ U ~ 5 


Qu — F ab u ~ r — — c>u d 


-d 2 

4' 


= —(70)— 
5 4 




v°y 


= 9.2775 kips 


Qu =^ac,u =^u^ = ^ufd 2 =f (38)^(l-0) 2 =22.384 kips 


Actual ultimate load Qu is the smallest, .*. Q v = 9.2775 kips 


Allowable load: 




Qu _ 9.2775 


F.S. 


■ 3.0925 kips 


Q = 3.09 kips A 
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PROBLEM 1.38 

Link BC is 6 mm thick, has a width w = 25 mm, and is made of a steel with 
a 480-MPa ultimate strength in tension. What was the safety factor used if the 
structure shown was designed to support a 16-kN load P? 
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PROBLEM 1.39 

Link BC is 6 mm thick and is made of a steel with a 450-MPa ultimate strength in 
tension. What should be its width w if the structure shown is being designed to 
support a 20-kN load P with a factor of safety of 3? 
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PROBLEM 1.40 

Members AB and BC of the truss shown are made of the same alloy. It is known 
that a 20-mm-square bar of the same alloy was tested to failure and that an 
ultimate load of 120 kN was recorded. If a factor of safety of 3.2 is to be 
achieved for both bars, determine the required cross-sectional area of ( a ) bar 
AB, (b) bar AC. 


SOLUTION 


Length of member AB: 

t AB = Vo.75 2 + 0.4 2 = 0.85 m 


Use entire truss as a free body. 


+>M C = 0: 1.44 - (0.75X28) = 0 

4 = 15 kN 

+| !LF y = 0: 4 - 28 = 0 

4 = 28 kN 


Use Joint A as free body. 




±JLF,. = 0: 


0.75 

0.85 


AB 


Fab ~ 


hj IF =0: 4 - F ac - 


4 = o 

(0.85)(15) 
0.75 
0.4 


= 17 kN 


0.85 


Fab = 0 


Fac 


(0-4)(17) 

0.85 


20 kN 


For the test bar, 


A = (0.020) 2 = 400 x 10" 6 m 2 P v = 120 x 10 3 N 


For the material, 


a u 


_ 120 x IQ 3 

A ~ 400 x 10“ 6 


= 300 x 10 6 Pa 
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PROBLEM 1.41 

Members AB and BC of the truss shown are made of the same alloy. It is known 
that a 20-mm-square bar of the same alloy was tested to failure and that an 
ultimate load of 120 kN was recorded. If bar AB has a cross-sectional area of 
225 mm 2 , determine (a) the factor of safety for bar AB and ( b ) the cross- 
sectional area of bar AC if it is to have the same factor of safety as bar AB. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


46 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


47 





PROBLEM 1.42 

Link AB is to be made of a steel for which the ultimate normal stress is 
65 ksi. Determine the cross-sectional area of AB for which the factor 
of safety will be 3.20. Assume that the link will be adequately 
reinforced around the pins at A and B. 


SOLUTION 



P = (4.2)(0.6) = 2.52 kips 

+)Y.M d = 0 : -(2.8 ){F ab sin 35°) 

+(0.7)(2.52) + (1.4X5) = 0 


Fab 

a AB 

Aab 


5.4570 kips 


AB 


* AB 


^ult 

F.S. 


(F.S.)F ab _ (3.20)(5.4570 kips) 


^ ult 


65 ksi 
0.26854 in 2 


A ab = 0.268 in 2 ◄ 
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16 kN 



6 mm 


125 mm 


PROBLEM 1.43 

Two wooden members are joined by plywood splice plates that are fully glued on 
the contact surfaces. Knowing that the clearance between the ends of the members 
is 6 mm and that the ultimate shearing stress in the glued joint is 2.5 MPa, 
determine the length L for which the factor of safety is 2.75 for the loading shown. 


SOLUTION 


T = 2 ' 5 MPa = 0.90909 MPa 
a 2.75 


On one face of the upper contact surface, 


L- 0.006 m 

A = (0.125 m) 


Since there are 2 contact surfaces, 


P 

= n 


0.90909 x 10 6 = 16x10 

(L- 0.006)(0.125) 


L = 0.14680 m 

146.8 mm A 
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PROBLEM 1.44 

For the joint and loading of Prob. 1.43, determine the factor of safety when 
L = 180 mm. 

PROBLEM 1.43 Two wooden members are joined by plywood splice plates that 
are fully glued on the contact surfaces. Knowing that the clearance between the 
ends of the members is 6 mm and that the ultimate shearing stress in the glued 
joint is 2.5 MPa, determine the length L for which the factor of safety is 2.75 for 
the loading shown. 


16 kN 


SOLUTION 


Area of one face of upper contact surface: 


A 

A 


0.180 m - 0.006 m 
(0.125 m) 

10.8750 xl0“ 3 m 2 


Since there are two surfaces, 


r all 

r all 

F.S. 


P_ _ 16 x IQ 3 N 

2 A ~ 2(10.8750 x 10“ 3 m 2 ) 
0.73563 MPa 



2,5 MPa 
0.73563 MPa 


3.40 


◄ 
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PROBLEM 1.45 

Three j -in. -diameter steel bolts are to be used to attach the steel plate shown to 
a wooden beam. Knowing that the plate will support a load P = 24 kips and that 
the ultimate shearing stress for the steel used is 52 ksi, determine the factor of 
safety for this design. 


T p 


SOLUTION 


For each bolt, 


For the three bolts, 


Factor of safety: 


A 

Pu 

Pu 


— d 2 =— (-1 = 0.441 79 in 2 
4 4 UJ 

At v = (0.44179>(52) 

22.973 kips 


(3X22.973) = 68.919 kips 


ks= Sl = 68 - 919 

P 24 


F.5. = 2.87 ◄ 
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PROBLEM 1.46 

Three steel bolts are to be used to attach the steel plate shown to a wooden beam. 
Knowing that the plate will support a load P = 28 kips, that the ultimate shearing 
stress for the steel used is 52 ksi, and that a factor of safety of 3.25 is desired, 
determine the required diameter of the bolts. 


T p 


SOLUTION 

24 

For each bolt, P = — = 8 kips 

3 


Required: 


P v = {F.S.)P = (3.25)(8.0) = 26.0 kips 


Pjj Pu jPu 

A ^d 2 7td 2 


d 



(4X26.0) 
]] a(52) 


0.79789 in. 


d = 0.798 in. ◄ 
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PROBLEM 1.47 

A load P is supported as shown by a steel pin that has been inserted in a 
short wooden member hanging from the ceiling. The ultimate strength of 
the wood used is 60 MPa in tension and 7.5 MPa in shear, while the 
ultimate strength of the steel is 145 MPa in shear. Knowing that 
b = 40 mm, c = 55 mm, and d = 12 mm, determine the load P if an 
overall factor of safety of 3.2 is desired. 


SOLUTION 

Based on double shear in pin, 

Pjj = IAtjj = 2 ^d 2 Tjj 

= ^(2)(0.012) 2 (145 x 10 6 ) = 32.80 x 10 3 N 

Based on tension in wood, 

Pjj = AfJjj - W{b - d)(7jj 

= (0.040)(0.040 - 0.012)(60 x 10 6 ) 

= 67.2 x 10 3 N 

Based on double shear in the wood, 

P v = 2At l , = 2\vct L : = (2)(0.040)(0.055)(7.5 x 10 6 ) 

= 33.0 x 10 3 N 

Use smallest P v = 32.8 x 10 3 N 

P 3? 8 x 1 O 3 

Allowable: P = — ^ = — = 10.25 x 10 3 N 10.25 kN ◄ 

F.S. 3.2 
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PROBLEM 1.48 

For the support of Prob. 1.47, knowing that the diameter of the pin is 
d = 16 mm and that the magnitude of the load is P = 20kN, determine 
(a) the factor of safety for the pin, ( b ) the required values of b and c if the 
factor of safety for the wooden members is the same as that found in part a 
for the pin. 

PROBLEM 1.47 A load P is supported as shown by a steel pin that has 
been inserted in a short wooden member hanging from the ceiling. The 
ultimate strength of the wood used is 60 MPa in tension and 7.5 MPa in 
shear, while the ultimate strength of the steel is 145 MPa in shear. 
Knowing that Z? = 40mm, c = 55 mm, and d = 12 mm, determine the 
load P if an overall factor of safety of 3.2 is desired. 


SOLUTION 


(a) Pin: 

Double shear: 


P = 20 kN = 20 x 10 3 N 

A = —d 2 = — (0.016) 2 = 2.01.06 x 10“ 6 m 2 
4 4 


P 

T = Trj 

2 A 


2 A 


P L1 = 2At v = (2X201.16 x 10“ 6 )(145 x 10 6 ) = 58.3 36 x 10 3 N 

„ _ Pn 58.336 x 10 3 
r .S. — = 


20 x 10" 


(. b ) Tension in wood: 


P v = 58.336 x 10 J N for same F.S. 


Pu 


w( b - d ) 


where w = 40 mm = 0.040 m 


F.S. = 2.92 ◄ 


b = d 


= 0.016 + 


wcr. 


u 


58.336 x 10 J 
(0.040)(60 x 10 6 ) 


= 40.3 x 10 _3 m 


Shear in wood: 


P v = 58.336 x 10 3 N for same F.S. 


b = 40.3 mm ◄ 


Double shear: each area is A = wc 


Pu 


58.336 x 10 


,3 


2wTjj (2)(0.040)(7.5 x 10 6 ) 


17 2 A 2 wc 

97.2 x 10 -3 m 


97.2 mm ◄ 
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PROBLEM 1.49 



A steel plate 2- in. thick is embedded in a 
concrete wall to anchor a high-strength cable 
as shown. The diameter of the hole in the plate 
is j in., the ultimate strength of the steel used is 
36 ksi, and the ultimate bonding stress between 
plate and concrete is 300 psi. Knowing that a 
factor of safety of 3.60 is desired when 
P = 2.5 kips, determine {a) the required width a 
of the plate, ( b ) the minimum depth b to which a 
plate of that width should be embedded in the 
concrete slab. (Neglect the normal stresses 
between the concrete and the end of the plate.) 


SOLUTION 

Based on tension in plate, 

A - (a - d)t 
Pjj = a v A 

^ f J p $ _ F\j_ _ o v {fl — dy 
P P 



Solving for a, 


(FS.)P _ 3_ (3.60)(2.5) 

a v t ~4 + (36) (4) 


Based on shear between plate and concrete slab, 

A = perimeter x depth = 2{a + t)b Tjj = 0.300 ksi 


( a ) a = 1.750 in. M 


Solving for b , 


Pu = M = 2 Tu(a + t)b F.S. = ^ 

b {FS.)P (3.6)(2.5) 

2 (fl + 0% (2)(l.75 + 4) (0.300) 


(b) b = 7.50 in. A 
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PROBLEM 1.50 



Determine the factor of safety for the cable 
anchor in Prob. 1.49 when P = 2.5 kips, knowing 
that a = 2 in. and b = 6 in. 

PROBLEM 1.49 A steel plate j in. thick is 
embedded in a concrete wall to anchor a high- 
strength cable as shown. The diameter of the hole 
in the plate is = in., the ultimate strength of the 
steel used is 36 ksi, and the ultimate bonding 
stress between plate and concrete is 300 psi. 
Knowing that a factor of safety of 3.60 is desired 
when P = 2.5 kips, determine (< a ) the required 
width a of the plate, ( b ) the minimum depth b to 
which a plate of that width should be embedded 
in the concrete slab. (Neglect the normal stresses 
between the concrete and the end of the plate.) 


SOLUTION 

Based on tension in plate, 


A 



(< a - d)t 

2 --Y-1 = 0.31250 in 2 

4JUJ 

<*u A 


(36X0.31250) = 11.2500 kips 

Py_ _ kL2500 _ 4 50 
P 3.5 


Based on shear between plate and concrete slab, 


A = perimeter x depth = 2(a + t)b = 2 


2 + - 
4 , 


( 6 . 0 ) 


A = 27.0 in 2 t v = 0.300 ksi 
P b , = t v A = (0.300)(27.0) = 8.10 kips 

F.S. = %L = ^- = 3.240 
P 2.5 


Actual factor of safety is the smaller value. 


F.S. = 3.24 ◄ 
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PROBLEM 1.51 

Link AC is made of a steel with a 65-ksi ultimate normal stress and has 
a j x L _i n . uniform rectangular cross section. It is connected to a 
support at ^4 and to member BCD at C by -in. -diameter pins, while 
member i?CD is connected to its support at B by a -in.-diameter pin. 
All of the pins are made of a steel with a 25-ksi ultimate shearing stress 
and are in single shear. Knowing that a factor of safety of 3.25 is 
desired, determine the largest load P that can be applied at D. Note that 
link AC is not reinforced around the pin holes. 


SOLUTION 

Use free body BCD. 


+>* = 0: (6) ( Jo ] - 10p = 0 



P = 0.48 F 


AC 


■±~ZF X = 0 : B x F ac = 0 

A A q /I v/ 

B x = —F ac = 1.25 P — 

A ^ q /I L/ 

+ )M C = 0 : -65,, - 4P = 0 




i.e. 


®,=fw 




B = JB 2 x + B) = 1.25 2 + | - 


P = 1.41667P 


P = 0.70588 B 


Shear in pins at A and C . 


= ? A pin = 


Tension on net section of A and C. 


Fac = aA mt = 


Smaller value of F AC is 0.625 kips. 

From (1), P = (0.48)(0.625) = 0.300 kips 

25 


T U n j2 _ 

f 25 1 


Ifif _ 

u — 

F.S. 4 

U. 25 J 

1 © 

mJ 

a u A -( 

' 65 'j 

m 

A 3^ 

F.S. net 1 

v3.25 J 

v4y 

v 2 sj 


= 0.84959 kips 


= 0.625 kips 


Shear in pin at B . 


B = rA pm 




3.25 


F.S. 4 

From (2), P = (0.70588)(0.58999) = 0.416 kips 

Allowable value of P is the smaller value. P = 0.300 kips 




— = 0.58999 kips 

16,' 


( 1 ) 


( 2 ) 


or P = 300 lb A 
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PROBLEM 1.52 



Solve Prob. 1.51, assuming that the structure has been redesigned to use 
-in-diameter pins at A and C as well as at B and that no other changes 
have been made. 

PROBLEM 1.51 Link AC is made of a steel with a 65-ksi ultimate 
normal stress and has ajx j -in. uniform rectangular cross section. It is 
connected to a support at A and to member BCD at C by j -in.-diameter 
pins, while member BCD is connected to its support at B by a -in.- 
diameter pin. All of the pins are made of a steel with a 25-ksi ultimate 
shearing stress and are in single shear. Knowing that a factor of safety of 
3.25 is desired, determine the largest load P that can be applied at D. 
Note that link AC is not reinforced around the pin holes. 


SOLUTION 

Use free body BCD. 


+> 5 = 0: (6)^ 


10 


AC 


10P = 0 



P = 0.48 F. 


AC 


+1^=0: B x -—F ac = 0 
B x = — F ac = 1.25P — *- 

q /I V 

+)M C = 0 : -6B y - 4P = 0 


*’~l p 


1.25 2 + 

XT 

V 

UJ 


Shear in pins at A and C . 

F AC = rA pin = 

Tension on net section of A and C . 

Fac = °Aet = 

Smaller value of F AC is 0.58999 kips. 

From (1), P = (0.48X0.58999) = 0.283 kips 


i.e. B y =^p\ 


P = 0.705835 


T U 71 _ 

f 25 1 


|f£ 


Cl 

F.S. 4 

13.25 J 



J " 

°u A -I 

' 65 ^ 


f i 

5 1 

F.S. net l 

y3.25 J 


l 

1 <N 

16 J 


= 0.9375 kips 


Shear in pin at B . 


B = T A pin 


T U 71 j2 _ 

f 25 1 

^ 7T^ 

f 5 1 

6/ 

F.S. 4 

U.25 J 

v 4 y 

viej 


0.58999 kips 


From (2), P = (0.70588)(0.58999) = 0.416 kips 

Allowable value of P is the smaller value. P = 0.283 kips 


( 1 ) 


( 2 ) 


or P = 283 lb ◄ 
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PROBLEM 1.53 

Each of the two vertical links CF connecting the two horizontal 
members AD and EG has a 10 X 40-mm uniform rectangular cross 
section and is made of a steel with an ultimate strength in tension of 
400 MPa, while each of the pins at C and F has a 20-mm diameter and 
are made of a steel with an ultimate strength in shear of 150 MPa. 
Determine the overall factor of safety for the links CF and the pins 
connecting them to the horizontal members. 


SOLUTION 


Use nn 


cmioer £FG oca fyeeWy. 


60 


|F eF 


OAo 


o.2 r- 


31 


m n 


+)l M e = 0 : 0.40F cf - (0.65)(24 x 10 3 ) = 0 
F cf = 39 x 10 3 N 


Based on tension in links CF, 

A = (b - d)t = (0.040 - 0.02X0.010) = 200 x 10“ 6 m 2 (one link) 
F v = 2cj v A = (2)(400 x 10 6 )(200 x 10" 6 ) = 160.0 x 10 3 N 


Based on double shear in pins, 

A = —d 2 = — (0.020) 2 = 314.16 x 10“ 6 m 2 
4 4 

F b , = 2t v A = (2)(1 50 x 10 6 )(3 14. 16 x 10" 6 ) = 94.248 x 10 3 N 

Actual F v is smaller value, i.e. F v = 94.248 x 10 3 N 

F 94 948 x 10 3 

Factor of safety: F.S. = — ^ = — r— F.S. = 2.42 ◄ 

F cf 39 x 10 3 
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PROBLEM 1.54 

Solve Prob. 1.53, assuming that the pins at C and F have been replaced 
by pins with a 30-mm diameter. 

PROBLEM 1.53 Each of the two vertical links CF connecting the two 
horizontal members AD and EG has a 10 X 40-mm uniform rectangular 
cross section and is made of a steel with an ultimate strength in tension of 
400 MPa, while each of the pins at C and F has a 20-mm diameter and 
are made of a steel with an ultimate strength in shear of 150 MPa. 
Determine the overall factor of safety for the links CF and the pins 
connecting them to the horizontal members. 


SOLUTION 

Use member EFG as free body. 

Use member FFG as 


JL 


66 




21 


OAo 


■U— a.zr- 


kN 


+)E M e = 0 : 0.40F cf - (0.65X24 x 10 3 ) = 0 
F cf = 39 x 10 3 N 

Based on tension in links CF, 

A = (b - d)t = (0.040 - 0.030)(0.010) = 100 x 10“ 6 m 2 (one link) 
F v = 2a u A = (2X400 x 10 6 )(100 x 10“ 6 ) = 80.0 x 10 3 N 


Based on double shear in pins, 

A = -d 2 = — (0.030) 2 = 706.86 x 10“ 6 m 2 
4 4 

F v = ItjjA = (2)(150 x 10 6 )(706.86 x 10“ 6 ) = 212.06 x 10 3 N 
Actual Fu is smaller value, i.e. F v = 80.0 x 10 3 N 

c f f t F v 80.0 x 10 3 ^ 

Factor of safety: F.S. = — — = — F.S. = 2.05 ^ 

F cf 39 X 10 3 
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Top view 


h 


200 mm- 




-180 mm- 


12 mm 




I j 

1 A 

B 

c t 

Li 

B 

C 

3l 




D 


- 20 mm 


Front view 


8 mm- 


> B 


e iD 


12 mm -3 ” 
Side view 


PROBLEM 1.55 

In the structure shown, an 8-mm-diameter pin 
is used at A, and 12-mm-diameter pins are 
used at B and D. Knowing that the ultimate 
shearing stress is 100 MPa at all connections 
and that the ultimate normal stress is 250 MPa 
in each of the two links joining B and D , 
determine the allowable load P if an overall 
factor of safety of 3.0 is desired. 


-8 mm 


SOLUTION 

Statics: Use ABC as free body. 


+)l M a = 0 : 0.20 F bd - 0.38 P = 0 


+JLM b = 0 : 0.20 F a - 0.18P = 0 P = y F A 


P=™F, 
19 


BD 


A 


Fa 


6 


<— 0.20 — * 


-O.I8 


80 


P 


Based on double shear in pin A, A = — d 2 = — (0.008) 2 = 50.266 x 10 6 m 2 

4 4 


2 tu A _ (2)(100 x 10 6 )(50.266 x 10~ 6 ) 
F.S. ~ 3.0 

10 


3.351 x 10 J N 


P = —F, = 3.72 x 10 N 


Based on double shear in pins at B and D, A = —d 2 = — (0.012) 2 = 113.10 x 10 6 m 2 


Fbd ~ 


2 t v A _ (2)(100xl0 6 )(113.10_x_10^) = 7 54xl0 3 N 


F.S. 


3.0 


10 , 
p = —F m = 3.97 x 10 3 N 
19 BD 


Based on compression in links BD, for one link, A = (0.020)(0.008) = 160 x 10 6 m 2 

■\6\n /ta „ r 


lay A (2X250 x 10°)(160 x 10~°) 
BD ~ F.S. ~ 3.0 

P = —F bd = 14.04 xl0 3 N 


= 26.7 x 10 j N 


19 


Allowable value of P is smallest, .*. P = 3.72 x 10 3 N 


P = 3.72 kN ◄ 
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Top view 




b B 


8 mm ->■ 


mm 



Side view 


PROBLEM 1.56 

In an alternative design for the structure of 
Prob. 1.55, a pin of 1 0-mm-diameter is to be 
used at A. Assuming that all other 
specifications remain unchanged, determine 
the allowable load P if an overall factor of 
safety of 3.0 is desired. 

PROBLEM 1.55 In the structure shown, an 8- 
mm-diameter pin is used at A, and 12-mm- 
diameter pins are used at B and D. Knowing 
that the ultimate shearing stress is 100 MPa at 
all connections and that the ultimate normal 
stress is 250 MPa in each of the two links 
joining B and D , determine the allowable load 
P if an overall factor of safety of 3.0 is 
desired. 


SOLUTION 

Statics: Use ABC as free body. 


B 


+JLM b = 0: 0.20 F a - 0.1 8P = 0 P = ™F A 
+JLM a = 0: Q.20F bd - 0.38P = 0 P = ^F BD 


0.20 — * 


■O.I8 


P 


Fa 




Based on double shear in pin A, A = —d 2 = — (0.010) 2 = 78.54 x 10 6 m 2 

4 4 


„ 2 t v A (2)(100 X 10 6 )(78.54 x 10“ 6 ) 

r A = = _ 

F.S. 3.0 


= 5.236 x 10 N 


10 , 

P = — Fa = 5.82 x 10 3 N 


Based on double shear in pins at B and D, A = —d 2 = — (0.012) 2 = 113.10x10 6 m 2 

4 


2t l ,A (2)(100 x 10°)(1 13.10 x 10 -6 ) 


1 BD 


F.S. 

10 


3.0 


7.54 x 10 3 N 


P = —F bd = 3.97 x 10 N 


19 


Based on compression in links BD, for one link, A = (0.020)(0.008) = 160 x 10 6 m 2 

■\6\n /ta r A-6^ 


layA _ (2)(250 x 1 0 )(1 60 x 10~°) 
BD ~ F.S. ~ 3.0 


= 26.7 x 10 3 N 


10 


P = —f r n = 14.04 x 10 3 N 


19 


BD 


Allowable value of P is smallest, .'. P = 3.97 x 10 3 N 


P = 3.97 kN ◄ 
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PROBLEM 1.57 

A 40-kg platform is attached to the end B of a 50-kg wooden beam AB , 
which is supported as shown by a pin at A and by a slender steel rod BC 
with a 12-kN ultimate load, (a) Using the Load and Resistance Factor 
Design method with a resistance factor $ = 0.90 and load factors 
y D = 1.25 and y L = 1.6, determine the largest load that can be safely 
placed on the platform. ( b ) What is the corresponding conventional 
factor of safety for rod BC1 


SOLUTION 



+)l M a = 0 : (2A)^P - 2AW X - 1.2 W 2 

P = -W ] +-W ? 

3 1 6 2 


For dead loading, W 1 = (40)(9.81) = 392.4 N, W 2 = (50)(9.81) = 490.5 N 


P D = 


(392.4) 


| ](490.5) = 1.0628 x 10 3 N 


For live loading, 
From which 


W 1 = mg W 2 - 0 P L - — mg 


m = 


IEl 

5 g 


Design criterion: yo^D + Yl^l - 


D _<t>P v - r D P D _ (0.90)(12 X 10 3 ) - (1.25)(1.0628 x 10“ 3 ) 

L ~ ~ 1.6 


Yl 

= 5.920 x 10 3 N 


( a ) Allowable load . 


m 


3 5.92 x 10 3 


5 9.81 

Conventional factor of safety: 


p = P D + P L = 1.0628 x 10 3 + 5.920 x 10 3 = 6.983 x 10 3 N 


(b) 


F.S. = %L 


3 


12 x 10 
6.983 x 10 3 


m = 362 kg 4 


F.S. = 1.718 ◄ 
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PROBLEM 1.58 

The Load and Resistance Factor Design method is to be used to select 
the two cables that will raise and lower a platform supporting two 
window washers. The platform weighs 160 lb and each of the window 
washers is assumed to weigh 195 lb with equipment. Since these 
workers are free to move on the platform, 75% of their total weight and 
the weight of their equipment will be used as the design live load of each 
cable, (a) Assuming a resistance factor $ = 0.85 and load factors 
y D = 1-2 and y L = 1.5, determine the required minimum ultimate load of 
one cable. ( b ) What is the corresponding conventional factor of safety 
for the selected cables? 


SOLUTION 





Yd p d + Yl p l = </> p u 


(«) 

p Yd^d + Yl^l 

U ~ A 



(1.2) 

— x 16ol + (1.5)| — x 2 x 195 1 




U ) ) 

P L1 = 629 lb ◄ 



0.85 


Conventional factor of safety: 




p = P D +P L = i x 160 + 0.75 x 2 x 195 = 372.5 lb 


(b) 

F.S. = 

P 

629 
~ 372.5 

F.S. = 1.689 ◄ 
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PROBLEM 1.59 

In the marine crane shown, link CD is known to have a 
uniform cross section of 50 x 150 mm. For the loading 
shown, determine" the normal stress in the central portion 
of that link. 
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SOLUTION 

Use joint B as free body. 


Law of Sines: 


Link AB is a tension member. 
Minimum section at pin: A net 


I o k,vps 




AB _ r BC _ 


10 


sin 45° sin 60° sin 95° 


AB 


7.3205 kips 


F bc = 8.9658 kips 


(1.8 - 0.8)(0.5) = 0.5 in 2 


(a) Stress in AB 


a AB ~ 


_ F ab _ 7.3205 


0.5 


Link BC is a compression member. 


Cross sectional area is A = (1.8)(0.5) = 0.9 in 
(b) Stress in BC: 


_ -F bc _ -8.9658 
° BC ~ A ~ 0.9 


<j ab = 14.64 ksi A 


<j bc = -9.96 ksi A 
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0.5 in. 



PROBLEM 1.61 

For the assembly and loading of Prob. 1.60, determine (a) the average 
shearing stress in the pin at C, ( b ) the average bearing stress at C in 
member BC , (c) the average bearing stress at B in member BC. 

PROBLEM 1.60 Two horizontal 5 -kip forces are applied to pin B of the 
assembly shown. Knowing that a pin of 0.8-in. diameter is used at each 
connection, determine the maximum value of the average normal stress 
(a) in link AB , ( b ) in link BC. 


SOLUTION 




Use joint B as free body. 

|0 ICv'f s 

At — ^ 



V 

\f*c k 

/ £o° 




10 K-'p s 




po/>ce -brno^e 


Law of Sines: 




Fab _ 

F B c _ 10 

F bc = 8.9658 kips 


sin 45° sin 60° sin 95° 


(a) Shearing stress in pin at C. 

T - ^ BC 

2A P 




A p = — d 2 = — (0.8) 2 = 
p 4 4 

0.5026 in 2 



r= 8 - 9658 = 8.92 

(2X0.5026) 


r = 8.92 ksi A 
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w 



PROBLEM 1.62 

Two steel plates are to be held together by means of 16-mm- 
diameter high-strength steel bolts fitting snugly inside cylindrical 
brass spacers. Knowing that the average normal stress must not 
exceed 200 MPa in the bolts and 130 MPa in the spacers, 
determine the outer diameter of the spacers that yields the most 
economical and safe design. 


SOLUTION 

At each bolt location the upper plate is pulled down by the tensile force Pb of the bolt. At the same time, the 
spacer pushes that plate upward with a compressive force P s in order to maintain equilibrium. 


p b 


For the bolt, 
For the spacer, 


c> h = 




ndl 


P, 4P V 

CTS 4 *(.£ - d 2 b ) 


or 


or 


p„ = 


Ps = - 4) 


Equating P b and P s , 


n ^ .2 _ K ^ / ,2 i2s 

~ a b d b - ~ a s(d s - d b) 


d. 


f \ 

, j 

200^1 

1 + -£■ 

d b = , 

1 + 

l °s) 

v 

130 J 


(16) 


d s = 25.2 m m A 
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PROBLEM 1.63 


A couple M of magnitude 1500 N • m is applied to the crank of an engine. For the 
position shown, determine (< a ) the force P required to hold the engine system in 
equilibrium, ( b ) the average normal stress in the connecting rod BC , which has a 
450-mm 2 uniform cross section. 

200 mm 


80 mm 
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SOLUTION 

Use member CEF as a free body. 


£ 



+)IM C = 0 : -12 F de - (8)(60 sin 9) - (16)(60 cos 9) = 0 


F de = -40 sin 6 - 80 cos 6 lb 


DE 


J DE 


(i) 


rn 


0.125 in 2 


v<v 


! DE 


^ DE 


(a) 0 = 0 : Fj 


L>£ 


-801b 


J DE 


-80 

0.125 


(*) 


9 = 90°: 


Fde 

a DE 


-401b 

-40 
" 0.125 


<j de = -640 psi A 


<j D e = “320 psi A 
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PROBLEM 1.65 

A -in. -diameter steel rod AB is fitted to a round hole near end C of 
the wooden member CD. For the loading shown, determine (< a ) the 
maximum average normal stress in the wood, ( b ) the distance b for 
which the average shearing stress is 100 psi on the surfaces indicated 
by the dashed lines, (c) the average bearing stress on the wood. 


SOLUTION 

(a) Maximum normal stress in the wood . 

A et = ( 1 ) 

P 




3.375 in 2 


CJ = 


net 


1500 

3.375 


= 444 psi 


(b) Distance b for t = 100 psi . 

For sheared area see dotted lines. 


_ P _ P 
T ~ A ~ 2bt 


1500 


2 tr (2)(1)(100) 

(c) Average bearing stress on the wood . 


1500 


<Jh = 


dt 


7.50 in. 


= 2400 psi 


(i) 


cj = 444 psi A 


b = 7.50 in. ◄ 


a b = 2400 psi A 
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1 

5 


Front view T 





-* — 18 mm 


w 

( 


1 1 — 

U 160 mm - 


B C 

120 mm ► 


i — i B 
Top view 






c 




D 


- 6 mm 


[ IB 
Side view 


PROBLEM 1.66 

In the steel structure shown, a 6-mm- 
diameter pin is used at C and 10-mm- 
diameter pins are used at B and D. The 
ultimate shearing stress is 150 MPa at all 
connections, and the ultimate normal 
stress is 400 MPa in link BD. Knowing 
that a factor of safety of 3.0 is desired, 
determine the largest load P that can be 
applied at A. Note that link BD is not 
reinforced around the pin holes. 


SOLUTION 

Use free body ABC. 




C 


D 


t 


i 


+)XM C = 0 : 0.280P - 0.120 F BD = 0 


P = —F, 


BD 


+)ZM g = 0 : 0.160 P - 0.120C = 0 


( 1 ) 


Tension on net section of link BD: 


FbD ~ a ^net 


F.S. 

Shear in pins at B and D: 


400 x 10° 


P = -C 

4 


(6 x 10“ 3 )(18 - 10)(10“ 3 ) = 6.40 x 10 3 N 


PbD ~ r ^pin 


d 2 


F.S. 4 


150 x 10 6V 


Smaller value of F B d is 3.9270 x 10' N. 


^ |(10 X 10" 3 ) 2 = 3.9270 X 10 3 N 


From(l), P = 

Shear in pin at C: 

From (2), P = 


(-) 

C = It A 


(3.9270 xlO 3 ) = 1.683 x 10 3 N 


pm 


2^P--d 2 = ( 2 ) 

F.S. 4 


150 x 10' 


,6 V 


K 


( 2 ) 


— | (6 x 10 ) = 2.8274 x 10 N 


- 1(2.8274 xlO 3 ) = 2.12 x 10 3 N 

. 


Smaller value of P is allowable value. 


P = 1.683 x 10 J N 


P = 1.683 kN ◄ 
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0.6 m 


PROBLEM 1.67 

Member ABC , which is supported by a pin and bracket at C and a cable 
BD , was designed to support the 16-kN load P as shown. Knowing that 
the ultimate load for cable BD is 100 kN, determine the factor of safety 
with respect to cable failure. 


SOLUTION 



Use member ABC as a free body, and note that member BD is a two-force member. 


+) I M c = 0 : (Pcos40°)(1.2) + (Psin40°)(0.6) 

/ P 


— (F rrw'^Vn 

& U 

s' 7 *- 

BD COSJU A u -°/ 

— 

'V « an 

- (F 5£ ,sin30°)(0.4) = 0 


8 \\ 

1.30493P - 0.71962F B£) = 0 



F bd = 1.81335P = (1 .8 1 335)(1 6 x 10 3 ) = 29.014 x 10 3 N 
F v = 100 x 10 3 N 



FS _ Fu _ 100 xlO 3 

F bd 29.014 xio 3 


F.S. = 3.45 ◄ 
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PROBLEM 1.68 

A force P is applied as shown to a steel reinforcing bar that has 
been embedded in a block of concrete. Determine the smallest 
length L for which the full allowable normal stress in the bar can be 
developed. Express the result in terms of the diameter d of the bar, 
the allowable normal stress cr all in the steel, and the average 
allowable bond stress r all between the concrete and the cylindrical 
surface of the bar. (Neglect the normal stresses between the 
concrete and the end of the bar.) 
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SOLUTION 


i 0 = (2.0)(1.25) = 2.50 in 


At the optimum angle, 


(F.S.) a = ( F.S.\ 


Normal stress: cj = — cos 0 .*. P TT „ = 

A o 


J u^o 
cos 2 6 


(F-S.) a 


1 U,<7 


°U A 0 

P cos 2 6 


Shearing stress: t 


-sin# cos# P T 


t U A 0 


1 0 


(F-S.) t = 


U,T 


L U,T 


sin # cos # 


t u a 0 


Psind cos# 


Equating, 


&TT A I 


u^o 


t U A 0 


Pcos z e P sin # cos # 


Solving, = tan # = — — = = 0.520 

cos# <j T j 2.5 


(*) 


<Mo _ (12.5)(2.50) 
cos 2 # cos 2 27.5° 


7.94 kips 


f.s. = Zl = ™± 

P 2.4 


(a) 0 opt = 27.5° ◄ 


F.S. = 3.31 ◄ 
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A 2.4 Ups PROBLEM 1.70 


1 \ 

The two portions of member AB are glued together along a plane 


A 

forming an angle 0with the horizontal. Knowing that the ultimate stress 
for the glued joint is 2.5 ksi in tension and 1.3 ksi in shear, determine 

o- 

■ 

the range of values of 6 for which the factor of safety of the members is 


B 

at least 3.0. 

2.0 in. 


1.25 in. 


SOLUTION 

A 0 = (2.0X1.25) = 2.50 in. 2 
P = 2.4 kips 
P u = ( F.S.)P = 7.2 kips 


Based on tensile stress, 

<jjj = —cos 2 6 

A> 



COS 2 e = auA<) = (2 - 5)(2 - 50) = 0.86806 
Pu 7.2 



cos6> = 0.93169 0 = 21.3° 0>21.3° 


Based on shearing stress, 

T r j = —sin 9 cos0 = -^-sin26 l 

4> 2 \ 



sin2( , = 2 ^ = (2X2.50)0.3) 
Pu 7.2 


26 

= 64.52° 0 = 32.3° 0 < 32.3° 


Hence, 


21.3° < 6 < 32.3° ◄ 
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PROBLEM 1.C1 




Element n 



A solid steel rod consisting of n cylindrical elements welded together is subjected to the 
loading shown. The diameter of element i is denoted by d t and the load applied to its 
lower end by P z with the magnitude P t of this load being assumed positive if P z is 
directed downward as shown and negative otherwise, (a) Write a computer program 
that can be used with either SI or U.S. customary units to determine the average stress 
in each element of the rod. ( b ) Use this program to solve Problems 1.1 and 1.3. 


SOLUTION 


Force in element i : 

It is the sum of the forces applied to that element and all lower ones: 


Average stress in element i : 


Program outputs : 



Area 
Ave. stress 


A- = — 7td 2 
* 4 z 

El 

A 


Problem 1.1 Problem 1.3 


Element 

Stress (MPa) 

Element 

Stress (ksi) 

i 

84.883 

i 

22.635 

2 

- 96.766 

2 

17.927 
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PROBLEM 1.C2 



20 


A 20-kN load is applied as shown to the horizontal member ABC. 
Member ABC has a 10x50-mm uniform rectangular cross section 
and is supported by four vertical links, each of 8x36-mm uniform 
rectangular cross section. Each of the four pins at A, #, C, and D has the 
same diameter d and is in double shear, (a) Write a computer program 
to calculate for values of d from 10 to 30 mm, using 1-mm increments, 
(i) the maximum value of the average normal stress in the links 
connecting pins B and D , (ii) the average normal stress in the links 
connecting pins C and E , (iii) the average shearing stress in pin B , 
(iv) the average shearing stress in pin C, (v) the average bearing stress 
at B in member ABC , and (vi) the average bearing stress at C in member 
ABC. ( b ) Check your program by comparing the values obtained for 
d = 16 mm with the answers given for Probs. 1.7 and 1.27. (c) Use this 
program to find the permissible values of the diameter d of the pins, 
knowing that the allowable values of the normal, shearing, and bearing 
stresses for the steel used are, respectively, 150 MPa, 90 MPa, and 
230 MPa. ( d) Solve Part c, assuming that the thickness of member ABC 
has been reduced from 10 to 8 mm. 


SOLUTION 

Forces in links . 

F.B. diagram of ABC : 


(i) Link BD . 

Thickness = t L 

A bd ~ A ( w l ~ d) 
° bd ~ + F BD !A BD 

(iii) Pin# . 

t b ~ ^bd !{?zd /4) 


+)e M c = 0 : 2 F bd ( BC ) - P(AC) = 0 
F bd = P(AC)/2 (BC) (tension) 
+)l M b = 0 : 2 F ce (BC)-P(AB) = 0 


P = 20 kN 2 F. A 

J 


SI 

b c 

C <! 

) 

\~-0.2SxyC 

\ 

^ — O, m — ^ 

2 F%x> 



CE 


-P(AB)I2(BC) 



(comp.) 

(ii) Link CE . 

Thickness = t L 

^ce = A w l 
g ce ~ ~F C e!A ce 

(iv) Pin C . 

T c = F cE / (xd 2 /4) 



(v) Bearing stress at B . 

Thickness of member AC = t AC 
Sig Bear# = F BD !{dt AC ) 

(vi) Bearing stress at C . 

Sig Bear C = F CE !(dt AC ) 


Shearing stress in ABC under Pin # . 

;/ 2 ) 


~ T AC t Ac( W AC l 


ZF y =0: 


2 F b - 2 F bd 


t ac 


Ar BD 

tAC W AC 
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PROBLEM 1.C3 


0.5 in. 



Two horizontal 5 -kip forces are applied to Pin B of the assembly 
shown. Each of the three pins at A, B, and C has the same diameter d 
and is double shear, (a) Write a computer program to calculate for 
values of d from 0.50 to 1.50 in., using 0.05-in. increments, (i) the 
maximum value of the average normal stress in member AB , (ii) the 
average normal stress in member BC , (iii) the average shearing stress 
in pin A, (iv) the average shearing stress in pin C, (v) the average 
bearing stress at A in member AB , (vi) the average bearing stress at C 
in member BC, and (vii) the average bearing stress at B in member BC. 
( b ) Check your program by comparing the values obtained for 
d = 0.8 in. with the answers given for Problems 1.60 and 1.61. (c) Use 
this program to find the permissible values of the diameter d of the 
pins, knowing that the allowable values of the normal, shearing, and 
bearing stresses for the steel used are, respectively, 22 ksi, 13 ksi, and 
36 ksi. ( d) Solve Part c, assuming that a new design is being 
investigated in which the thickness and width of the two members are 
changed, respectively, from 0.5 to 0.3 in. and from 1.8 to 2.4 in. 
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PROBLEM 1.C4 



A 4-kip force P forming an angle a with the vertical is applied as 
shown to member ABC , which is supported by a pin and bracket at C 
and by a cable BD forming an angle [3 with the horizontal. ( a ) Knowing 
that the ultimate load of the cable is 25 kips, write a computer program 
to construct a table of the values of the factor of safety of the cable for 
values of a and /? from 0 to 45°, using increments in a and f3 
corresponding to 0.1 increments in tan a and tan (3 . ( b ) Check that 
for any given value of a , the maximum value of the factor of safety is 
obtained for f3 = 38.66° and explain why. (c) Determine the smallest 
possible value of the factor of safety for /? = 38.66°, as well as the 
corresponding value of a , , and explain the result obtained. 


SOLUTION 


(a) Draw F.B. diagram of ABC : 

+^)E M c = 0 : ( P sin a)(l .5 in.) + (P cos a )( 30 in.) 

- (F cos /?)( 15 in.) - (F sin J3)(12 in.) = 0 

^ „ 15 sin a + 30 cosa 

F = P 

15 cos (3 + 12 sin j3 

f.s.=fjf 

Output for P = 4 kips and F ult = 20 kips: 



VALUES OF FS 
BETA 



0 

5.71 

11.31 

16.70 

21.80 

26.56 

30.96 

34 . 99 

38.66 

•41.99 

45.00 

ALPHA 












0 . 000 

3 . 125 

3 .358 

3 . 555 

3 . 712 

3 . 830 

3 . 913 

3 . 966 

3 . 994 

4 . 002 

3 . 995 

3 . 977 

5 . 711 

2 . 991 

3 .214 

3.402 

3.552 

3 . 666 

3 . 745 

3 . 796 

3 . 823 

3 . 830 

3.824 

3 . 807 

11.310 

2 . 897 

3 . 113 

3.295 

3.441 

3.551 

3 . 628 

3 . 677 

3 . 703 

3.710 

3.704 

3 . 687 

16.699 

2 . 837 

3 . 049 

3 . 227 

3.370 

3.477 

3 . 553 

3 . 600 

3.626 

3 . 633 

3 . 627 

3 . 611 

.21.801 

2 . 805 

3 . 014 

3.190 

3.331 

3.438 

3 . 512 

3 . 560 

3.585 

3 . 592 

3 . 586 

3 . 570 

26.565 

2 . 795 

3.004 

3 . 179 

3.320 

3.426 

3 . 500 

3 . 547 

3 .572 

3 . 579 

3.573 

3 . 558} 

30 . 964 

2 . 803 

3 . 013 

3 . 189 

3 . 330 

T. 4 3 6 ' 

3.510 

3 . 558 

3 . 583 

3.590 

3 . 584 

3 75F8~ 

34 . 992 

2 . 826 

3 . 036 

3 .214 

3 .356 

3.463 

3 . 538 

3 . 586 

3 .611 

3 . 619 

3 . 612 

3 . 596 

38 . 660 

2 . 859 

3 . 072 

3 . 252 

3.395 

3 . 503 

3 . 579 

3 . 628 

3.653 

3 . 661 

3 . 655 

3 . 638 

41 . 987 

2 .899 

3 . 116 

3.298 

3 .444 

3 . 554 

3.631 

3.680 

3 . 706 

3 . 713 

3 . 707 

3 . 690 

45 . 000 

2 . 946 

3 . 166 

3.351 

3.499 

3 . 611 

3.689 

3.739 

3 . 765 

3.773 

3 . 767 

3.750 


TO) 


(b) When f3 = 38.66°, tan f3 = 0.8 and cable BD is perpendicular to the lever arm BC. 

(c) F.S. = 3.579 for a - 26.6°; P is perpendicular to the lever arm^C. 

Note : The value F.S. = 3.579 is the smallest of the values of F.S. corresponding to [3 = 38.66° and the 
largest of those corresponding to <2 = 26.6°. The point a = 26.6°, /3 = 38.66° is a “saddle point,” or 
“minimax” of the function F.S. ( a , fS). 
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PROBLEM 1.C5 

A load P is supported as shown by two wooden members of uniform rectangular cross 
section that are joined by a simple glued scarf splice. ( a ) Denoting by a v and t U9 
respectively, the ultimate strength of the joint in tension and in shear, write a 
computer program which, for given values of a , b , P, Ojj and t v , expressed in either 
SI or U.S. customary units, and for values of a from 5 to 85° at 5° intervals, can be 
used to calculate (i) the normal stress in the joint, (ii) the shearing stress in the joint, 
(iii) the factor of safety relative to failure in tension, (iv) the factor of safety relative 
to failure in shear, and (v) the overall factor of safety for the glued joint, (b) Apply 
this program, using the dimensions and loading of the members of Probs. 1.29 and 
1.31, knowing that Gjj = 150 psi and t v = 214 psi for the glue used in Prob. 1.29, and 
that djj =1.26 MPa and t v =1.50 MPa for the glue used in Prob. 1.31. (c) Verify in 
each of these two cases that the shearing stress is maximum for a = 45°. 


SOLUTION 


(i) and (ii) Draw the F.B. diagram of lower member: 


VeF, =0: 

+ hF y = 0 : 

Area = a6/sin a 
Normal stress: 

Shearing stress: 


- V + P cos a = 0 

V = P cos a 

F - P sin a = 0 

F = Psina 


F 9 

cj = = (P/ab) sin a 

Area 


r = = (P/ab) sin a cos a 

Area 


(iii) F.S. for tension (normal stresses): 

(iv) F.S. for shear: 

(v) Overall F.S.: 

F.S. = The smaller of FSN and FSS. 


FSN = cjjj! g 


FSS = t v /t 
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PROBLEM 1.C5 (Continued) 


Program Outputs 

Problem 1 .29 

a = 150 mm 
b = 75 mm 
P = llkN 
<jjj =1.26 MPa 
Tjj =1.50 MPa 


ALPHA 

SIG (MPa) 

TAU (MPa) 

FSN 

FSS 

FS 

5 

0.007 

0.085 

169.644 

17.669 

17.669 

10 

0.029 

0.167 

42.736 

8.971 

8.971 

15 

0.065 

0.244 

19.237 

6.136 

6.136 

20 

0.114 

0.314 

11.016 

4.773 

4.773 

25 

0.175 

0.375 

7.215 

4.005 

4.005 

30 

0.244 

0.423 

5.155 

3.543 

3.543 

35 

0.322 

0.459 

3.917 

3.265 

3.265 

40 

0.404 

0.481 

3.119 

3.116 

3.116 

45 

0.489 

0.489 

2.577 

3.068 

2.577 

50 

0.574 

0.481 

2.196 

3.116 

2.196 

55 

0.656 

0.459 

1.920 

3.265 

1.920 

60 

0.733 

0.423 

1.718 

3.543 

1.718 

65 

0.803 

0.375 

1.569 

4.005 

1.569 

70 

0.863 

0.314 

1.459 

4.773 

1.459 

75 

0.912 

0.244 

1.381 

6.136 

1.381 

80 

0.948 

0.167 

1.329 

8.971 

1.329 

85 

0.970 

0.085 

1.298 

17.669 

1.298 
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PROBLEM 1.C5 (Continued) 


Problem 1.31 


o 

z 

a = 5 in. 
b- 3 in. 

P = 1400 lb 
■jj = 150 psi 
■jj = 214 psi 




ALPHA 

SIG (psi) 

TAU (psi) 

FSN 

FSS 

FS 


5 

0.709 

8.104 

211.574 

26.408 

26.408 


10 

2.814 

15.961 

53.298 

13.408 

13.408 


15 

6.252 

23.333 

23.992 

9.171 

9.171 


20 

10.918 

29.997 

13.739 

7.134 

7.134 


25 

16.670 

35.749 

8.998 

5.986 

5.986 


30 

23.333 

40.415 

6.429 

5.295 

5.295 


35 

30.706 

43.852 

4.885 

4.880 

4.880 


40 

38.563 

45.958 

3.890 

4.656 

3.890 


45 

46.667 

46.667 

3.214 

4.586 

3.214 

◄ (c) 

50 

54.770 

45.958 

2.739 

4.656 

2.739 


55 

62.628 

43.852 

2.395 

4.880 

2.395 


60 

70.000 

40.415 

2.143 

5.295 

2.143 

◄ (b) 

65 

76.663 

35.749 

1.957 

5.986 

1.957 


70 

82.415 

29.997 

1.820 

7.134 

1.820 


75 

87.081 

23.333 

1.723 

9.171 

1.723 


80 

90.519 

15.961 

1.657 

13.408 

1.657 


85 

92.624 

8.104 

1.619 

26.408 

1.619 
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PROBLEM 1.C6 


tj 

T~ 


Top view 

e — 200 mm > | < 180 mm - 




12 mm 


B 



8 mm - 


b B 


-8 mm 


W 


12 mm 


Tt 


Side view 


Member ABC is supported by a pin and 
bracket at A and by two links, which are pin- 
connected to the member at B and to a fixed 
support at D. (a) Write a computer program to 
calculate the allowable load F, In for any given 
values of (i) the diameter d x of the pin at A , 
(ii) the common diameter d 2 of the pins at B 
and D , (iii) the ultimate normal stress <Ju in 
each of the two links, (iv) the ultimate shearing 
stress Tjj in each of the three pins, and (v) the 
desired overall factor of safety F.S. ( b ) Your 
program should also indicate which of the 
following three stresses is critical: the normal 
stress in the links, the shearing stress in the pin 
at A, or the shearing stress in the pins at B and 
D. (c) Check your program by using the data 
of Probs. 1.55 and 1.56, respectively, and 
comparing the answers obtained for P a \\ with 
those given in the text. ( d) Use your program to 
determine the allowable load P a n, as well as 
which of the stresses is critical, when d x = 
d 2 = 15 mm, o v =110 MPa for aluminum links, 
Tjj = 100 MPa for steel pins, and F.S. = 3.2. 
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PROBLEM 1.C6 (Continued) 


Program Outputs 

(b) Problem 1.55 . 

(c) Problem 1.56 . 

(d) Data : 


Data: d x =8 mm, d 2 12 mm, <r^,= 250 MPa, % 100 MPa, F.S. = 3.0 

^all = ^ .72 kN. Stress in Pin ,4 is critical. 

Data: d x = 10 mm, = 12 mm, o v - 250 MPa, % = 100 MPa, F.*S. = 3.0 
^all = ^ .97 kN. Stress in Pins B and D is critical. 

<:/, = d 2 = 1 5 mm, <7^=1 10 MPa, % = 100 MPa, F.S. = 3.2 
= 5 .79 kN. Stress in links is critical. 


◄ 

◄ 

◄ 
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CHAPTER 2 






PROBLEM 2.1 


A nylon thread is subjected to a 8.5-N tension force. Knowing that E = 3.3 GPa and that the length of the 
thread increases by 1.1%, determine (a) the diameter of the thread, ( b ) the stress in the thread. 
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PROBLEM 2.2 

A 4.8-ft-long steel wire of j -in.-diameter is subjected to a 750-lb tensile load. Knowing that E = 29 x 10 6 psi, 
determine (a) the elongation of the wire, ( b ) the corresponding normal stress. 


SOLUTION 



(a) Deformation: 

- PL , 7Td 2 

S = ; A- 

AE 4 


Area: 

A = 7r( ' 0 ' 25 = 4.9087 x 10“ 2 in 2 

4 



(750 lb)(4.8 ft x 12 in./ft) 

~ (4.9087 x 10 _2 in 2 )(29 x 10 6 psi) 



8 = 3.0347 xlO -2 in. 

8 = 0.0303 in. ◄ 

(b) Stress: 

^ | ^ 
II 
b 


Area: 

(7501b) 

<7_ (4.9087 xlO -2 in 2 ) 



<r = 1.52790 xlO 4 psi 

<r = 15.28 ksi ◄ 
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PROBLEM 2.3 

An 18-m-long steel wire of 5-mm diameter is to be used in the manufacture of a prestressed concrete beam. 
It is observed that the wire stretches 45 mm when a tensile force P is applied. Knowing that E = 200 GPa, 
determine (a) the magnitude of the force P, ( b ) the corresponding normal stress in the wire. 


SOLUTION 


, , o PL p 3AE 

(a) o= , or P = 

AE L 


with A = -nd 2 = -;r(0.005) 2 = 19.6350 x 10 _6 m 2 
4 4 


(0.045 mKlO^SOxlO -6 m 2 )(200xl0 9 N/m 2 ) _ 
18 m 

P = 9.82 kN ◄ 

P 9817.5 N 6 

(b) a = = . , = 500 x 10 6 Pa 

A 19.6350x10 m 2 

o- = 500 MPa ◄ 
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PROBLEM 2.4 


Two gage marks are placed exactly 250 mm apart on a 12-mm-diameter aluminum rod with E =13 GPa and 
an ultimate strength of 140 MPa. Knowing that the distance between the gage marks is 250.28 mm after a load 
is applied, determine (a) the stress in the rod, ( b ) the factor of safety. 
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PROBLEM 2.5 

An aluminum pipe must not stretch more than 0.05 in. when it is subjected to a tensile load. Knowing that 
E = 10.1 x 10 6 psi and that the maximum allowable normal stress is 14 ksi, determine (a) the maximum 
allowable length of the pipe, ( b ) the required area of the pipe if the tensile load is 127.5 kips. 


SOLUTION 





(a) 

AE 






Thus, 

_ EAS _ 
p 

Ed _ 

G 

(10.1 xlO 6 ) (0.05) 
14 x 10 3 

L = 36.1 in. 

(b) 

P 

G — — 

A 






Thus, 


A = 

P _ 127.5 x 10 3 
cr “ 14 x 10 3 

A = 9.11 in 2 ◄ 
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PROBLEM 2.6 

A control rod made of yellow brass must not stretch more than 3 mm when the tension in the wire is 4 kN. 
Knowing that ^7 = 105 GPa and that the maximum allowable normal stress is 180 MPa, determine (a) the 
smallest diameter rod that should be used, ( b ) the corresponding maximum length of the rod. 
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PROBLEM 2.7 

A steel control rod is 5.5 ft long and must not stretch more than 0.04 in. when a 2-kip tensile load is applied to it. 
Knowing that E = 29xl0 6 psi, determine (a) the smallest diameter rod that should be used, ( b ) the 
corresponding normal stress caused by the load. 


SOLUTION 




PL 

(2000 lb) (5.5x12 in.) 



(a) 5 = : 

0.04 m. - , 



AE 

yl(29xl0 6 psi) 




A = -;td 2 =0.113793 in 2 




4 




d = 0.38063 in. 

d = 0.381 in. 

◄ 

P 

2000 lb 



(b) a = — = 

0 = 17575.8 psi 

<j = 17.58 ksi 

◄ 

A 

0.113793 in 
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PROBLEM 2.8 

A cast-iron tube is used to support a compressive load. Knowing that E = 10 x 10 6 psi and that the maximum 
allowable change in length is 0.025%, determine (a) the maximum normal stress in the tube, ( b ) the minimum 
wall thickness for a load of 1600 lb if the outside diameter of the tube is 2.0 in. 
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PROBLEM 2.9 

A 4-m-long steel rod must not stretch more than 3 mm and the normal stress must not exceed 150 MPa when 
the rod is subjected to a 10-kN axial load. Knowing that E = 200 GPa, determine the required diameter of 
the rod. 
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PROBLEM 2.10 

A nylon thread is to be subjected to a 10-N tension. Knowing that E - 3.2 GPa, that the maximum allowable 
normal stress is 40 MPa, and that the length of the thread must not increase by more than 1%, determine the 
required diameter of the thread. 
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PROBLEM 2.11 

A block of 10-in. length and 1.8 x 1.6-in. cross section is to support a centric compressive load P. The 
material to be used is a bronze for which E = 14 x 10 6 psi. Determine the largest load that can be applied, 
knowing that the normal stress must not exceed 1 8 ksi and that the decrease in length of the block should be at 
most 0.12% of its original length. 
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PROBLEM 2.12 

A square yellow-brass bar must not stretch more than 2.5 mm when it is subjected to a tensile load. Knowing 
that ^7 = 105 GPa and that the allowable tensile strength is 180 MPa, determine (a) the maximum allowable 
length of the bar, ( b ) the required dimensions of the cross section if the tensile load is 40 kN. 


SOLUTION 


a = 180 x 10 6 Pa P = 40xl0 3 N 
E = 105 x 10 9 Pa (5 = 2.5 x 10 -3 m 


(a) 


PL <rL 
~AE ~ ~E 

ES (1 05 x 1 0 9 )(2.5 x 1 0” 3 ) , ^ 0 „„ 

= 4 E — ^ = 1.45833 m 

cr 180xl0 6 


(b) 


a = 


A = ? = 

a 

A _ ~2 


40 x 10 3 


180 x 10° 

VI = V222.22 


= 222.22 x 10" 6 m 2 = 222.22 mm 2 


L = 1.458 m ◄ 


a = 14.91 mm *4 
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r~ 


1 A 

'2 in. 

B 

'2 in. 

c 

D 


- 

■ 


54 in. 


PROBLEM 2.13 

Rod BD is made of steel {E = 29xl0 6 psi) and is used to brace the axially 
compressed member ABC. The maximum force that can be developed in member 
BD is 0.02 P. If the stress must not exceed 18 ksi and the maximum change in 
length of BD must not exceed 0.001 times the length of ABC , determine the 
smallest-diameter rod that can be used for member BD. 


SOLUTION 

F bd = 0.02 P = (0.02)(130) = 2.6 kips = 2.6 x 10 3 lb 
Considering stress, a = 18 ksi = 18 x 10 3 psi 


G — 


BD 


A = = — = o. 14444 in 2 

a 18 


Considering deformation, 8 = (0.001)(144) = 0.144 in. 


g _ FbdLbd 


AE 


Larger area governs. A = 0.14444 in 2 


A = —d 1 

4 


(2.6x1Q 3 )(54) 
ES (29x10 6 )(0.144) 


^ _ Ffj D L BD 


■ 0.03362 in 2 


7T 


d _ \4A__ / (4X0. 14444) 


TZ 


d = 0.429 in. ◄ 
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PROBLEM 2.14 

The 4-mm-diameter cable BC is made of a steel with E = 200 GPa. Knowing 
that the maximum stress in the cable must not exceed 190 MPa and that the 
elongation of the cable must not exceed 6 mm, find the maximum load P that 
can be applied as shown. 


SOLUTION 


Use bar AB as a free body. 


L = V6 2 +4 2 =7.2111 


t)z^=0: 3.5P-(6) 


m 


7.2111 


F bc 1 = 0 


P = 0.9509 F, 


BC 


Considering allowable stress, a = 190 x 10 6 Pa 


A = —d 2 = — (0.004) 2 = 12.566 x 10" 6 m 2 
4 4 


\ 






IA 


BC 


F bc =<jA = (190 x 10 6 )(12.566 x 1(T 6 ) = 2.388 x 10 3 N 


Considering allowable elongation, £ = 6x10 3 m 


o FbcLbc AES (12.566 xl0- 6 )(200xl0 9 )(6x IQ- 3 ) ^ 

BC T 


AE 


u BC 


7.2111 


Smaller value governs. F BC = 2.091 x10 3 N 

P = 0.9509 F bc = (0.9509)(2.09 1 x 1 0 3 ) = 1 .988 x 1 0 3 N 


P = 1.988 kN ◄ 
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PROBLEM 2.15 

A single axial load of magnitude P = 15 kips is applied at end C of the steel 
rod ABC. Knowing that E = 30 x 10 6 psi, determine the diameter d of portion 
BC for which the deflection of point C will be 0.05 in. 


SOLUTION 


Substituting, we have 


Lab 

A AB 


4 ft = 48 in.; L BC = 3 ft = 36 in. 

x£_ = x<X25m.? 2 

4 4 


0.05 in. 

A BC 
A BC 
or d 


15 x IQ 3 lb 
30 x 10 6 psi 


48 in. 


1.22718m" 


36 in.^ 

H 

A BC 


0.59121 in 2 


nd 1 



d _ J 4(0.591 27 in 2 ) 
d = 0.86766 in. 


d = 0.868 in. M 
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PROBLEM 2.16 


36 mm 28 mm 



k/ws 

jsAAA/ 


A 250-mm-long aluminum tube ( E = 70 GPa) of 36-mm outer 
diameter and 28-mm inner diameter can be closed at both ends by 
means of single-threaded screw-on covers of 1.5-mm pitch. With 
one cover screwed on tight, a solid brass rod (£ = 105 GPa) of 
25 -mm diameter is placed inside the tube and the second cover is 
screwed on. Since the rod is slightly longer than the tube, it is 
observed that the cover must be forced against the rod by rotating 
it one-quarter of a turn before it can be tightly closed. Determine 
(a) the average normal stress in the tube and in the rod, ( b ) the 
deformations of the tube and of the rod. 


SOLUTION 


(a) 


1 tube 


j ( d 2 a - d ? ) = 7L (3 6 2 - 28 2 ) = 402. 1 2 mm 2 = 402. 1 2 x 1 0“ 6 m 2 


71 


71 


A mA = —d l = —(25) 2 =490.87 mm z = 490.87 x 10 -6 m 2 


8, 


P( 0.250) 


tube 


J rod 


4 4 

PL 

^tubeAibe ~ (70 x 10 9 )(402. 1 2 X 1 0- 6 ) 
PL P(0.250) 


= 8.8815 xl0 _9 P 


^rod4od (105 x10 6 )(490.87x10- 6 ) 

i \ 


= -4.8505 xl0 _ V 


1 

— turn 
v4 


x 1 .5 mm = 0.375 mm = 375x10 m 


y tube 


■8 +^rod or ^tube-^rod =£ 


8.8815 X 10“ 9 p + 4.8505 x 10“ 9 P = 375 x 10 -6 


P = 


0.375x10 


-3 


(8.8815 + 4.8505)(10“ 9 ) 
27.308 xlO 3 


= 27.308 xl0 3 N 


' tube 


'rod 


■Hube 


1 rod 


402.12 xlO - 

27.308 xlO 3 
490.87 xlO" 6 


: 67.9x10 Pa 


-55.6 xlO 6 Pa 


C b ) S tubc = (8.8815 xl0 _9 )(27.308xl0 3 ) = 242.5 xl0 _t, m 

S mi = -(4.8505 xl0“ 9 )(27.308 x 10 3 ) = -132.5 x 10 -6 m 


'tube 


'rod 


: 67.9 MPa ◄ 


-55.6 MPa ◄ 


^tube = °- 243 mm < 

^rod =-0.1325 mm A 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


108 




P = 350 lb 



PROBLEM 2.17 

The specimen shown has been cut from a j -in. -thick sheet 
of vinyl ( E = 0.45 x 10 6 psi) and is subjected to a 350-lb 
tensile load. Determine (a) the total deformation of the 
specimen, ( b ) the deformation of its central portion BC. 


SOLUTION 


S AB =^ = (3^1bXl^ = 4 . 9778 x 10 -3 in 

EA ab (0.45 X 10 6 psi)(l in.)(0.25 in.) 

S BC =^ = §501bX2mO = 15 . 5556xl0 -3 in . 

EA bc (0.45 x 1 0 6 psi)(0.4 in.)(0.25 in.) 

S CD = S AB =4.9778 xl(T 3 in. 

(a) Total deformation: 

$ ~ $AB + &BC + ^ cd 

8 - 25.51 1 x 1CT 3 in. 


( b ) Deformation of portion BC : 


8= 25.5 xl0“ 3 in. ◄ 
S BC = 15.56 xl0“ 3 in. ◄ 
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PROBLEM 2.18 

The brass tube AB (^7 = 105 GPa) has a cross-sectional area of 
140 mm 2 and is fitted with a plug at A. The tube is attached at B to a 
rigid plate that is itself attached at C to the bottom of an aluminum 
cylinder ( E = 72 GPa) with a cross-sectional area of 250 mm 2 . The 
cylinder is then hung from a support at D. In order to close the 
cylinder, the plug must move down through 1 mm. Determine the 
force P that must be applied to the cylinder. 


SOLUTION 

Shortening of brass tube AB: 


L ab = 375 + 1 = 376 mm = 0.376 m A ab = 140 mm 2 = 140 x 10 6 m 2 


E ab = 105 x 10 y Pa 
x _ EL AB _ 

°AB ~ 


P(0.376) 


Eab^ab 


(105 x 10 9 )(140 x 10 -6 ) 


= 25.578 x 10 


Lengthening of aluminum cylinder CD: 


L cd =0.375 m A cd = 250 mm 2 =250x1 0“ 6 m 2 E CD = 72 x 1 0 9 Pa 


8 CD ~ 


PC 


' CD 


P(0.375) 


E cd Acd 


(72 x 1 0 y )(250 x 1 0 -6 ) 


■ = 20.833 xl0“ y P 


Total deflection: 


8a = S AR + 8 rn where S A 


0.001 m 


0.001 

P 


(25.578 x 10" 9 + 20.833 x 10"V 
21.547 x 10 3 N 


P = 21.5 kN ◄ 
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,f 


0.4 m 


20-mm diameter 


PROBLEM 2.19 

Both portions of the rod ABC are made of an aluminum for which E = 70 GPa. 
Knowing that the magnitude of P is 4 kN, determine (a) the value of Q so that 
the deflection at A is zero, ( b ) the corresponding deflection of B. 



60-mm diameter 


SOLUTION 


(a) A AB =^-d 2 B =j(0.020) 2 =314.16xl0“ 6 m 2 


A bc = 4 d 2 BC = ^(0.060 ) 2 = 2.8274 x l(T 3 m 2 


Force in member AB is P tension. 
Elongation : 

PL a 


U AB 


(4x10 3 )(0.4) 


J AB 


EA ab (70x10 9 )(314.16x10' 6 ) 

Force in member BC is Q-P compression. 

Shortening : 

(Q-P)L bc _ (Q-P){ 0.5) 


: 72.756 xl0 _b m 


$BC ~~ 


EA 


For zero deflection at A, S BC - v AB 


. BC (70 x 10 9 )(2.8274 x 10 -3 ) 
S 


= 2.5263x10 \Q-P) 


2.5263 x 10 _9 (2 ~P) = 72.756 x 10 -6 .'. 2-P = 28.8xl0 3 N 
0 = 28.3 x 10 3 + 4xl0 3 =32.8xl0 3 N 

- 6 . 


(b) S AB =S BC =S B = 72.756 xl0“ b m 


Q = 32.8 kN ◄ 


S AB = 0.0728 mm i 4 
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I 


0.4 m 


20-mm diameter 


PROBLEM 2.20 

The rod ABC is made of an aluminum for which E = 70 GPa. Knowing that 
P = 6 kN and Q = 42 kN, determine the deflection of (a) point A, ( b ) point B. 


n 


0.5 m 


60 -mm diameter 


SOLUTION 




v' 




A ab =^d 2 AB =-^(0.020) 2 =314.16xl0" 6 m 2 
A bc =^d 2 BC = ^(0.060) 2 = 2.8274 xl(T 3 m 2 
P AB = J P = 6xl0 3 N 

P BC = p-g = 6xl0 3 -42xl0 3 =-36 x10 3 N 
L ab = 0.4 m L bc = 0.5 m 


e _ ^AB^AB 

° A 


(6x10 3 )(0.4) 


= 109.135 xl(T 6 m 


J AB 


J BC 


Aab^a 

^BC^BC 

A BC E 


(314.16x 10“ 6 )(70x 10 9 ) 
(~36 x10 3 )(0.5) 
(2.8274 x10 _3 )(70x10 9 ) 


-90.947 xl0~ 6 m 


0 a ) S A =S AB +8 bc = 109.135xl0“ 6 -90.947xl0“ 6 m = 18.19xl0“ 6 m 

(. b ) S B = = -90.9 x 1 0 6 m = -0.0909 mm or 


S A =0.01819 mmt A 
S B = 0.0909 mm i A 
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PROBLEM 2.21 

For the steel truss (£' = 200 GPa) and loading shown, determine 
the deformations of the members AB and AD , knowing that their 
cross-sectional areas are 2400 mm and 1800 mm , respectively. 


SOLUTION 


Statics: Reactions are 114 kN upward at A and C. 
Member BD is a zero force member. 


Use joints as a free body. 


L ab = V 4 .O 2 +2.5 2 = 4.717 m 


+ t IF =0: 114 + -^— 
y 4.717 


F A b= 0 


Member AB: 


Member AD: 


F ab =-215.10 kN 


± ^'ZF ' =0: F, n +- 


AD 


4.717 

(4)(-215.10) 

4.717 


182.4 kN 


FjbLab (-215.10 x1Q 3 )(4,717) 
EA ab ( 200 x 1 0 9 )(2400 x ] (T 6 ) 

= — 2.11xl0~ 3 m 

_ Fad^ad _ (182.4x10 3 )(4,0) 

EA ad (200 x 1 0 9 )(1 800 x 1 0 -6 ) 


= 2.03xl0“ 3 m 



114 UV 


S AB = -2.1 1 mm M 


S AD = 2.03 mm A 
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< tv > 

< ft > 

PROBLEM 2.23 


B 

C 

A s 



Members AB and BC are made of steel (E = 29 x 10 6 psi) with cross- 
5 ft sectional areas of 0.80 in 2 and 0.64 in 2 , respectively. For the loading 

i 1 shown, determine the elongation of (a) member AB , ( b ) member BC. 

•1 

a Q 

[ ° 

[ * 


\ 28 kips \ 

J 54 kips 
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p 



PROBLEM 2.24 

The steel frame (E = 200 GPa) shown has a diagonal brace BD with 
an area of 1920 mm 2 . Determine the largest allowable load P if the 
change in length of member BD is not to exceed 1.6 mm. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


116 




^oj 

B 


225 mm 



PROBLEM 2.25 

Link BD is made of brass (^7 = 105 GPa) and has a cross-sectional area of 
240 mm 2 . Link CE is made of aluminum {E -12 GPa) and has a cross- 
sectional area of 300 mm 2 . Knowing that they support rigid member ABC, 
determine the maximum force P that can be applied vertically at point A if 
the deflection of A is not to exceed 0.35 mm. 


— 225 mm — - 

125 mm 
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SOLUTION 

Free body diagram of Member ABO. 






I y 

CL rr\- 


-y & 


\& vu 




->■ 

* 


+)EM b = 0: 

(0.26 m)(l 8 kN) - (0. 1 8 m) F cf = 0 
F cf = 26.0 kN 
+— 5 ^= 0 : 

1 8 kN + F be + 26.0 kN = 0 
F be = -44.0 kN 


Area for link made of two plates: 

A = 2(0.025 m)(0.03 5 m) = 1 .750 x 1 0 3 m 2 

_ F ff Z _ (-44,0 x 1 Q 3 N)(0.240 m) 

BE ~ EA ~ (200 xlO 9 Pa)(l. 75x1 0“ 3 m 2 ) 
= -30.171 xl0“ 6 m 


FgpL (26.0 x 10 3 N)(0.240 m) 

EA _ (200xl0 9 Pa)(1.75xl0 3 m 2 ) 
= 17.8286 xl0^ 6 m 


§ be = -0.0302 mm -4 


<7 CF = 0.01783 mm A 
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PROBLEM 2.27 

Each of the links AB and CD is made of aluminum ( E = 10.9 x 10 6 psi) 
and has a cross-sectional area of 0.2 in 2 . Knowing that they support the 
rigid member BC , determine the deflection of point E. 
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PROBLEM 2.28 

The length of the -E -in.-diameter steel wire CD has been adjusted so that 
with no load applied, a gap of -E in. exists between the end B of the rigid 
beam ACB and a contact point E. Knowing that is = 29 x 10 6 psi, 
determine where a 50-lb block should be placed on the beam in order to 
cause contact between B and E. 


SOLUTION 

Rigid beam ACB rotates through angle 6 to close gap. 

6» = — = 3.125x10 3 rad 
20 


Point C moves downward. 


S c = Ad = 4(3.125 X 10“ 3 ) = 12.5 x 10“ 3 in. 

S ' C D = S c = 12.5 xlO 3 in. 

A cd = —d 1 = — (— ) = 6.9029 x 10~ 3 in 2 
CD d 41,32 J 

s _ Fcd^cd 

°CD ~ „ A 

„ _EA cd S cd _ (29 x 1 0 6 )(6.9029 x 1 0 -3 )(1 2.5 x 1 0“ 3 ) 

r rn ~ — 

L cd 12-5 

= 200.18 lb 


+yLM A = 0: 4 F cd - (50X20 - x) = 0 

20-x= ( 4 )( 200 - 18 ) -16.Q144 
50 

x = 3.9856 in. 

For contact, 


Free body ACB: 


cv 




1 L 


50 


2 O - X 


x < 3.99 in. -4 
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PROBLEM 2.29 

A homogeneous cable of length L and uniform cross section is suspended from one end. (a) Denoting by p the 
density (mass per unit volume) of the cable and by E its modulus of elasticity, determine the elongation of the 
cable due to its own weight. ( b ) Show that the same elongation would be obtained if the cable were horizontal 
and if a force equal to half of its weight were applied at each end. 
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PROBLEM 2.30 

A vertical load P is applied at the center A of the upper section of a homogeneous 
frustum of a circular cone of height h, minimum radius a , and maximum radius b. 
Denoting by E the modulus of elasticity of the material and neglecting the effect 
of its weight, determine the deflection of points. 


SOLUTION 

Extend the slant sides of the cone to meet at a point O and place the origin of the coordinate system there. 

O 



From geometry, 


tan a = - 


b-a 

~h~ 

a 

tan a 


\ 


tan a 


r = y tan a 


At coordinate point y, A = nr 2 
Deformation of element of height dy\ dS = 

dS = 

Total deformation: 


S A =- 


Pdy 
~AE 

P dy_ P 
Ett r 2 7i E tan 2 a y 2 


dy 


p 

r b i dy P 

( 

o 

h 

p 

f-- 

_ n 

n E tan 2 a • 

' a \ y 2 7rE tan 2 a 

K 


a. 

7i E tan 2 a 

v a l 



P /j| - a, P(b x - £/, ) 


7i E tan 2 a a x b x 


iiEab 


S A 


Ph 

7iEab 


i ◄ 
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PROBLEM 2.31 

Denoting by fthe “engineering strain” in a tensile specimen, show that the true strain is s t = ln(l + s). 


SOLUTION 



L U+8 

f 8 ^ 


s,= In = In 0 = In 

i+— 

= In (1 + s) 

A A 

l L o ) 


Thus, 


s t = In (1 + s) A 
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PROBLEM 2.32 

The volume of a tensile specimen is essentially constant while plastic deformation occurs. If the initial 
diameter of the specimen is d\, show that when the diameter is d , the true strain is s t = 2 ]n(d 1 /d). 
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SOLUTION 


Therefore, 


Substituting, 


Now, 

(a) Brass-core: 


( b ) Aluminum: 


$ a ~ & b ~ % 


P = Pa+Pb 


s P a L a s p b l 

8 = — — and S = - B 


Pa A a 


Pb^b 


Pa=(Pa^a) 


L 


Pb ~ (Pb^b) 


^-1 

L j 


Pa = {E a A a + E b A b )\j 


_ S_ _ P 

L {E a A a + EgAg) 

(450 x IQ 3 N) 

(70 x 10 9 Pa)(2)(0.06 m)(0.01 m) + (105 x 10 9 Pa)(0.06 m)(0.04 m) 
e= 1.33929 xlO -3 
a = Ee 

<j b = (105 x 10 9 Pa)(1.33929x 10 3 ) 

= 1.40625 xlO 8 Pa 


a A = (70 x 10 9 Pa)(l. 33929 x 10“ 3 ) 
= 9.3750 xlO 7 Pa 


a B = 140.6 MPa ◄ 


<j a =93.8 MPa ◄ 
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300 mm 


Brass core 
(E = 105 GPa) 

Aluminum plates 
(E = 70 GPa) 


Rigid 
end plate 


h 

40 mm 

h 


PROBLEM 2.34 

For the composite block shown in Prob. 2.33, determine 
(a) the value of h if the portion of the load carried by the 
aluminum plates is half the portion of the load carried by 
the brass core, ( b ) the total load if the stress in the brass is 
80 MPa. 

PROBLEM 2.33. An axial centric force of magnitude 
P = 450 kN is applied to the composite block shown by 
means of a rigid end plate. Knowing that h = 10 mm, 
determine the normal stress in (a) the brass core, ( b ) the 
aluminum plates. 


SOLUTION 


5 = S a= S b ; P = P a +P b 

P„L 


5 = - 


E„A„ 


and 


Therefore, 


p a = (G4)t; 


s= p » L 


E b A b 


p b = (EA) I t 


(a) 


P=-P,, 


1 ( E A 




A °-\ 


105 GPa 
70 GPa 


(40 mm)(60 mm) 


A a =1800 mm 2 
1800 mm 2 = 2(60 mm ){h) 


(b) 


p b 


P b = a hA and P u =-P h 


p = p a + p b 


h = 15.00 mm A 
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PROBLEM 2.34 (Continued) 


p = \(°b A b) + 

P = (a b A b ) 1.5 

P = (80 x 10 6 Pa)(0.04 m)(0.06 m)(l .5) 

P = 2.880 x 10 5 N 

P = 288 kN ◄ 
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p PROBLEM 2.35 



4.5 ft 



The 4.5-ft concrete post is reinforced with six steel bars, each with a l-f -in. diameter. 
Knowing that E s = 29 x 10 psi and E c = 4.2 x 10 psi, determine the normal stresses 
in the steel and in the concrete when a 350-kip axial centric force P is applied to the 
post. 





SOLUTION 


Let P c = portion of axial force carried by concrete. 
P s = portion carried by the six steel rods. 


s = 

P C L 

P ~ 

E C A 

r c ~ 

s = 

P S L 

II 


E S A s L 


P = P c+ P s =(E c A c+ E s A s )j 


S -P 
E ~ E c A c + E S A S 


A = 6— d 2 =—(1.125 in.) 2 =5.9641 in 2 
s 4 4 v 


A r = —dl - A. =—(18 in.) 2 -5.9641 in 2 

c 4 c s 4 

= 248.51 in 2 
L = 4.5 ft = 54 in. 


-350xl0 3 lb 

~ (4.2 xlO 6 psi)(248.51 in 2 ) + (29xl0 6 psi)(5.9641 in 2 ) 

<7 S = E s s = (29 x 10 6 psi)(-2.8767 x 10 -4 ) = -8.3424 x 10 3 psi 

<7 C =E c s = (4.2x1 0 6 psi)(-2.8767 xlO -4 ) = 1.20 821 x 10 3 psi 


= -2.8767x1 O' 4 


<j s = -8.34 ksi 
<7 C = -1.208 ksi 


◄ 

◄ 
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4.5 ft 



PROBLEM 2.36 

For the post of Prob. 2.35, determine the maximum centric force that can be applied if the 
allowable normal stress is 20 ksi in the steel and 2.4 ksi in the concrete. 

PROBLEM 2.35 The 4.5-ft concrete post is reinforced with six steel bars, each with 
a 1-f -in. diameter. Knowing that ^ = 29 x 10 6 psi and E c = 4.2 x 10 6 psi, determine 
the normal stresses in the steel and in the concrete when a 350-kip axial centric force P 
is applied to the post. 



SOLUTION 

Allowable strain in each material: 
Steel: 

Concrete: 


a s 20x lCr psi in _ 4 

£ = — = = 6.8966 x 10 




E s 29xl0 6 psi 
<j c _ 2.4 xlO 3 psi 


E c 4.2x10° psi 


= 5.7143x10 


-4 


Smaller value governs. 

Let P c = Portion of load carried by concrete. 

P s = Portion of load carried by 6 steel rods. 


c* 

£• = — = 5.7143 xl(T 4 

L 


8- 


PgL 

EA 

PsL 

E S A S 


P C =E C A C 


P S =E S A S 


f S_ 

A 

r s\ 


~ I = PA e 


A, 


"EAe 


A =6 


6n 


AA n - 


dt =— (1.125 in.) 2 =5.9641 in z 
4 

dl-A, = — (18 in.) 2 -5.9641 in 2 =2.485 lx 10 2 in 2 

c s 4 


P = P c + P s = E c A c e + E s A,e 

P = [(4.2 x 10 6 psi)(2.4851 x 10 2 in 2 ) + (29 x 10 6 psi)(5.9641 in 2 )](5.7143 x 10 -4 ) 
P = 6.9526 xlO 5 lb 


P = 695 kips A 
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300 mm 


25 mm 

Brass core 
E = 105 GPa 


- Aluminium shell 
E = 70 GPa 


60 mm 


PROBLEM 2.37 

An axial force of 200 kN is applied to the assembly shown by means of 
rigid end plates. Determine ( a ) the normal stress in the aluminum shell, 
( b ) the corresponding deformation of the assembly. 


SOLUTION 

Let P a = Portion of axial force carried by shell. 
Pb = Portion of axial force carried by core. 


Thus, 

with 


„ P n L 


8= a , 

or P a 

E a A c 


„ P h L 


8= b , 

or P b 

E b A 


P = E+P b 

= ( E a A a 


_ Eg^a £ 
L 

E h A 


b^b 

L 


8 

>f 


A a =2-[(0.060) 2 - (0.025) 2 ] = 2.3366 x 10“ 3 m 2 
A b =— (0.025) 2 = 0.49087 x 10“ 3 m 2 


c 

P = [(70 x 10 9 )(2.3366 x 10“ 3 ) + (105 x 10 9 )(0.49087 x 10 -3 )]— 

c* 

P = 215.10 X 10 6 - 


Strain: 


200x10 


3 


L 215.10 xlO 6 215.10 x 10 6 


0.92980 x 10 


i—3 


(a) a a =£ , ^ = (70xl0 9 )(0.92980xl0 _3 ) = 65.1xl0 6 Pa 

( b ) 5 = sL = (0.92980 xl0 _3 )(300 mm) 


<j a =65.1 MPa ◄ 
S = 0.279 mm -4 
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25 mm 



Brass core 
E = 105 GPa 


PROBLEM 2.38 

The length of the assembly shown decreases by 0.40 mm when an axial 
force is applied by means of rigid end plates. Determine (a) the magnitude 
of the applied force, ( b ) the corresponding stress in the brass core. 


300 mm 


Aluminium shell 

E = 70 GPa 



SOLUTION 


Let P a = Portion of axial force carried by shell and Pi, = Portion of axial force carried by core. 
„ P„L 


E a A a 


or P„ 


EA, s 

L 


PA 

E b A b 


or P h 


L 


Thus, 


P = 


P a + Pb ~ (E a A a +E b A b ) 


5_ 

L 


with A a = ^[(0.060) 2 - (0.025) 2 ] = 2.3366 x 10" 3 m 2 
A b = A(0.025) 2 = 0.49087 x 10“ 3 m 2 

o c* 

P = [(70 X 10 9 )(2.3366 x 10" 3 ) + (105 x 10 9 )(0.49087 x 10 -3 )]- = 215.10 x 10 6 - 

L L 

with 8 - 0.40 mm, L = 300 mm 


(a) P = (215.10 xl0 6 )^^ = 286.8 xl0 3 N 

300 


(b) 




A = M= (105xl0 9 )(0.40xl0- 3 ) =140xl()6pa 
A b L 300 x 10“ 3 


P = 287 kN ◄ 
a b =140.0 MPa ◄ 
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25 in. 


6 kips 


15 in. 


PROBLEM 2.39 


-1.25 in. A polystyrene rod consisting of two cylindrical portions AB and BC is restrained at 
6 kips both ends and supports two 6-kip loads as shown. Knowing that E = 0.45 x 10 6 psi, 
determine (a) the reactions at A and C, ( b ) the normal stress in each portion of 
the rod. 


-2 in. 


SOLUTION 

(i a ) We express that the elongation of the rod is zero. 


0 b ) 


h 


§ _ ^AB^AB j ^BC^BC 


6 

\ 

B 


n_ 77 n_ ^2 77 

4 ^+8^ 4 


But 


^AB ~ 


Pbc — Rc 




Substituting and simplifying, 


RaLab 


AB 


Rc^BC _ 0 

d BC 


T*c 


Rr 


AB 


U BC 


U BC 
\ d AB j 


R , 


25 

15 


1.25 




Rr = 42667 R, 


From the free body diagram, 
Substituting (1) into (2), 

From (1), 


Ra + Rc 


5.2667 R a 


- 12 kips 
= 12 


R a = 2.2785 kips 

i? c =4.2667(2.2785) = 9.7217 kips 


°"/48 


a BC ~ 


1 AB 


AB 


1 BC 


* BC 


+R a _ 2.2785 


+45 


(1.25) 2 


-Rc _ -9.7217 


^BC 


:( 2) 2 


( 1 ) 

( 2 ) 

^ = 2.28 kips T <4 

i? c =9.72 kips T ◄ 
= +1.857 ksi 4 

g bc - -3.09 ksi 4 
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PROBLEM 2.40 

Three steel rods (E = 29 x 10 6 psi) support an 8.5-kip load P. Each of the 
rods AB and CD has a 0.32-in 2 cross-sectional area and rod EF has a 1-in 2 
cross-sectional area. Neglecting the deformation of bar BED , determine 
(a) the change in length of rod EF , ( b ) the stress in each rod. 


SOLUTION 


Use member BED as a free body. 








4 


By symmetry, or by Z M E = 0 : 


Pcd ~ Pab 




: P*AB + PCD + Pf 


EF 


-P = 0 


P - ^ Pab + ^ 


-Ft 5 


Pab Pab 
PA A b 


J CD 


PcpPcD 

P^CD 


J EF 


Pef^ef 
EA 


EF 


Since 


L 


'AB 


■ L cd and A ab 


: A C p j ^45 


y CZ) 


Since points v4, C, and F are fixed, S B = S AB , S D = S CD , 8 E = 


Since member FED is rigid, S E = S B = 8 C 


(a) 

(b) 


Pab Pab . 
PA A b 

: ^^45 + 


PefPef 
EA 


1 AB 


EF 


Aab Pef d 
A ' L EF 

^ EF ^ AB 


( E^-—P ef =0.256P ef 
1 20 


2{0.256P EF ) + P EF = \.5\2P l 


L EF 


8.5 


f EF 


= 5.6217 kips 


1.512 1.512 

P AB =P CD - 0.256(5.6217) = 1.43916 kips 

(5.6217)(1 6) 


-'EF 


PefPef 
EA, 


l EF 


G AB ~ Grn ~ 


'EF 


CD 


1 EF 


* EF 


Pab 


AB 


(29 x 10 3 )(1) 
1.43916 


= 0.0031016 in. 


0.32 


= 4.4974 ksi 


5.6217 

1 


= 5.6217 ksi 


S EE = 0.003 10 in. A 


7 cd - 4.50 ksi 4 
ct ef = 5.62 ksi M 
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Dimensions in mm 


180 

^-120^ 



A 

C 

D 

E 

Steel B — 

Brass • 



60 kN 

/ 40 kN 


40-mm diam. 30-mm diam. 


PROBLEM 2.41 

Two cylindrical rods, one of steel and the other of brass, are joined at 
C and restrained by rigid supports at A and E. For the loading shown 
and knowing that E s = 200 GPa and E b =105 GPa, determine 
( a ) the reactions at A and E, (b) the deflection of point C. 


SOLUTION 

A to C : E = 200xl0 9 Pa 

A = — (40) 2 = 1 .25664 x 1 0 3 mm 2 = 1 .25664 x 1 0“ 3 m 2 
4 

EA = 251.327 x10 6 N 

C to E : E = 105 xl0 9 Pa 

a =—(30) 2 =706.86 mm 2 =706.86 xlO^m 2 
4 

EA = 74.220 xl0 6 N 






0 


kW 



A to B \ P = R a 

L = 1 80 mm = 0. 1 80 m 
g _ PL _ ^ (0.180) 

AB EA 25 1.327 xlO 6 
= 716.20 xlO -12 .^ 

B to C : P = R a -6 0xl0 3 

L = 120 mm = 0.120 m 

* _ PL _ (R a -60 x 10 3 )(0.120) 

Our-' — — T 

EA 25 1.327 xlO 6 
= 447.47 x 10“ 12 ^ - 26.848 x 10 -6 
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Dimensions in mm 


PROBLEM 2.42 


180 

A 

^-120^ 

n 

100 

100 . 

Solve Prob. 2.41, assuming that rod AC is made of brass and 


/A 


D 

E 

rod CE is made of steel. 


Steel B ■ > 

Brass ■ 



60 kN 

/40 kN 

PROBLEM 2.41 Two cylindrical rods, one of steel and the 

r 


r 


other of brass, are joined at C and restrained by rigid supports at A 

40-mm diam. 3C 

►-mm diam. 

and E. For the loading shown and knowing that E s = 200 GPa 





and E b =105 GPa, determine (a) the reactions at A and E, (b) the 





deflection of point C. 


SOLUTION 


A to C : E = 105xl0 9 Pa 

A = —(A0f =1.25664xl0 3 mm 2 = 1.25664 xl(T 3 m 2 
4 

EA = 131.947 x 10 6 N 


C to E: E = 200xl0 9 Pa 


A to B\ 


B to C: 


C to D : 


4 =— (30) 2 = 706.86 mm 2 = 706.86 x lO^m 2 
4 

£4 = 141.372 x10 6 N 

P = R a 

L = 1 80 mm = 0. 1 80 m 
.. PL ^(0.180) 

AB EA 131.947 xlO 6 
= 1.36418x10^ 


A £> Q, V E 





- 


■ 1 "3P ' 



GokV 

kU 



P = R a - 60x10 3 
L = 120 mm = 0.120 m 


PL (Rj -6Qx1Q 3 )(0.120) 

~ EA~ 13 1.947 xlO 6 
= 909.456 x KT 12 £„ - 54.567 x 10^ 6 


P = R a -60xl0 3 
L = 100 mm = 0.100 m 


PL (R^ - 60 x 1 0 3 )(0, 1 00) 

~ EA~ 141.372 xlO 6 
= 707.354 x\0 n R A - 42.441 xlO" 6 
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- 550 mm ■ 


75 mm 100 mm 


PROBLEM 2.43 

Each of the rods BD and CE is made of brass (E = 105 GPa) 
and has a cross-sectional area of 200 mm 2 . Determine the 
deflection of end A of the rigid member ABC caused by the 
2-kN load. 
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PROBLEM 2.44 

The rigid bar AD is supported by two steel wires of -in. diameter 
| (£ = 29 x 10 6 psi) and a pin and bracket at A. Knowing that the 

wires were initially taut, determine (a) the additional tension in each 
wire when a 220-lb load P is applied at D, ( b ) the corresponding 

1 

8 in. 

t 

\ c p l 

t 

10 in. 

* 

[3 

) 

\ B 7 




deflection of point D. 

X 12 in. * 

* 12 in. * 

1 * 12 in. * 1 


SOLUTION 


Let 6 be the notation of bar AB CD. 


A.1 6 

e 6' - 


C 


D* 



Then S B = \2 6 


S c = 24 G 


S B 


P T 

^BE±BE 

AE 


EASj 


BE 


(29x 10 6 )— 
4 


1 BE 


-‘BE 


10 


: 106.765 xlO J 6 


S r - P< fLcf 


EA 


EAS, 


(29xl0 6 ) 


CE 


71 ( \ 

~4 1 16 . 


l CF 


CF 


18 


1 18.628 xlO J 0 


( 12 ^) 


(24 6>) 


Using free body ABCD, 

+)ZM^=0: 12P be +24P cf -36P = 0 

(12)(106.765xl0 3 (9) + (24)(1 18.628 xlO 6 G) - (36)(220) = 0 
4.1283xl0 6 6 = (36)(220) 

0 = 1.91847 xl0“ 3 racf) 

(a) =(106.765 xl0 3 )(l .9 1847x1 0 _3 ) = 204. 83 lb 

P CF = (1 18.628 x 10 3 )(1 .91 847 x 10“ 3 ) = 227.58 lb 
C b ) S D = 36 6 = (36)(1 .9 1 847 x 10“ 3 ) = 69.1 x 10“ 3 in. 


P BE = 205 lb ◄ 
P CF = 228 lb ◄ 

0.0691 in. \< 
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L 



PROBLEM 2.45 

The rigid bar ABC is suspended from three wires of the same material. The cross- 
sectional area of the wire at B is equal to half of the cross-sectional area of the 
wires at A and C. Determine the tension in each wire caused by the load P shown. 
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PROBLEM 2.45 (Continued) 


p -lp-L L}-*Lp 

A 8 2I5J 40 


P A = 0.525 P ◄ 


UP] 11 


p c =-p — — = — p 

c 8 2 V 5 y* 40 


P r = 0.215P ◄ 


Check: 


P A +P B +P c =l.000P Ok 
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PROBLEM 2.46 

The rigid bar AD is supported by two steel wires of jb-in. diameter 
(E = 29 x 10 6 psi) and a pin and bracket at D. Knowing that the wires 
were initially taut, determine (a) the additional tension in each wire when 
a 120-lb load P is applied at B , ( b ) the corresponding deflection of point B. 
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25 mm 




- 60 mm - 


Brass core 
E = 105 GPa 
a = 20.9 X lO-VC 


Aluminum shell 
E = 70 GPa 
a = 23.6 X lO^rC 


PROBLEM 2.47 


The aluminum shell is fully bonded to the brass core and the 
assembly is unstressed at a temperature of 15°C. Considering only 
axial deformations, determine the stress in the aluminum when the 
temperature reaches 195°C. 


SOLUTION 


Brass core: 

E = 105 GPa 
a = 20.9x 10 _6 /°C 

Aluminum shell: 

E = 70 GPa 
a = 23.6x 10~ 6 /°C 

Let L be the length of the assembly. 

Free thermal expansion : 

AT = 195-15 = 180°C 


Brass core: ( S T ) b = La b (AT) 

Aluminum shell: (St) a = La a (AT) 

Net expansion of shell with respect to the core : S = L(a a - a b )(A T) 

Let P be the tensile force in the core and the compressive force in the shell. 


Brass core: 


E b = 105xl0 y Pa 


n 


4 =-(25) =490.87 mm 


= 490.87 xl0“ 6 m 2 


(Sp)b - 


PL 

~^A b 
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PROBLEM 2.47 (Continued) 


Aluminum shell: 


where 


Then 


Stress in aluminum: 


(£ A 


PL 

E a A a 


E a =70xl0 9 Pa 


A a =f( 60 2 -25 2 ) 

= 2.3366 xlO 3 mm 2 
= 2.3366x10 3 m 2 
S = (5 P ) h+ (S P ) a 


L{oc b -a a )AT) = 


PL 

~EA b 


PL 


E a A a 


= KPL 


E b A b E a A a 

1 1 

~~ (105x10 9 )(490.87x10“ 6 ) (70x10 9 )(2.3366x10“ 3 ) 

= 25.516 x10 _9 N m 


p _ ( a h -a a )(^ T ) 

K 

(23.6 xl0~ 6 - 20.9 xl0~ 6 )(l 80) 
25.516x 10 -9 
= 19.047 x10 3 N 



19.047 xlO 3 
2.3366x10 3 


= -8.15xl0 6 Pa 


-8.15 MPa ◄ 
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25 mm 


PROBLEM 2.48 




Brass core Solve Prob. 2.47, assuming that the core is made of steel (E s = 200 GPa, 

E = 105 GPa a = 1 1.7 x 10 _6 /°C) instead of brass. 

a = 20.9 X 10- 6 /°C 


Aluminum shell 
E = 70 GPa 
a = 23.6 X 10- 6 /°C 


-< — 60 mm — ► 


PROBLEM 2.47 The aluminum shell is fully bonded to the brass core 
and the assembly is unstressed at a temperature of 15°C. Considering 
only axial deformations, determine the stress in the aluminum when the 
temperature reaches 195°C. 


SOLUTION 

Aluminum shell: E - 70 GPa a = 23.6 x 10 _6 /°C 

Let L be the length of the assembly. 

Free thermal expansion : AT = 195 -15 = 180°C 

Steel core: (&t)s = La s (A T) 

Aluminum shell: (^r)a = La a (AT) 

Net expansion of shell with respect to the core : 8 = L(a a - a s )(A T) 

Let P be the tensile force in the core and the compressive force in the shell. 

Steel core : 

PL 


? 


x 


p 


E s = 200x 10 9 Pa, A s =^(25) 2 = 490.87 mm 2 = 490.87 x 10 _6 m 2 



( 8 P ), 


EA 


Aluminum shell: 


E„ = 70x 10 Pa 


(8p)a 


PL 

E„A„ 


A a =j(60 2 -25) 2 =2.3366 xlO 3 mm 2 =2.3366 xl(T 3 m 2 


8 = (8 P ) s+ (S P ) a 


where 


L(a a -a s )(AT)- 


K 


PL PL 
- + - 


E A E a A a 


1 1 

- + - 


KPL 


EA e a 

i 


-+- 


l 


(200 x 10 9 )(490.87 x 10 _o ) (70 x 10 y )(2.3366 x 10“ J ) 

= 1 6.2999 xlO _9 N _1 
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SOLUTION 

Let P s = axial force developed in the steel core. 

For equilibrium with zero total force, the compressive force in the brass shell is P s . 

P. 


Strains: 


Matching: 


EA 


■ + a s (AT) 


S S 

P 


s h = — 


E b A b 


+ a b (AT) 


£' = £h 


P: +a s (AT) = -P^ + a h (AT) 


E S A S 


E b A b 


1 1 
- + - 


k E s A s E b A bJ 


P s ={a b -a s )(AT) 


1 1 
- + - 


A b = (1 ,5)(1 .5) - (1 .0)(1 .0) = 1 .25 in 2 
A s =0-0)0-0) = 1.0 in 2 
a b -a s =5.1x10” 6 /°F 

P s =a s A s =(8xl0 3 X1.0) = 8xl0 3 lb 
1 1 


87.816xl0 _9 lb 1 


E S A S E b A b (29xl0 6 X1.0) 05 x10 6 )0-25) 

From (1), (87.816 x 10“ 9 )(8 x 10 3 ) = (5.1 x 10" 6 )(Ar) 


( 1 ) 


AT = 137.8°F ◄ 
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PROBLEM 2.50 

The concrete post (E c = 3.6 x 10 6 psi and a = 5.5 x 1(T 6 /°F) is reinforced with six steel 
bars, each of ^--in. diameter (E s = 29xl(r psi and a s = 6.5 x 1(T 6 /°F). Determine the 
normal stresses induced in the steel and in the concrete by a temperature rise of 65°F. 



SOLUTION 


A /T ^ r2 r 

A a = 6 — a = 6 


( 7 " 

vsJ 


: 3.6079 in 


4 4 

A c = 10 2 -A s = 10 2 - 3.6079 = 96.392 in 2 
Let P c = tensile force developed in the concrete. 

For equilibrium with zero total force, the compressive force in the six steel rods equals P c . 
P P 

Strains: £ s = — + a s (AT) s c = — — + a c (AT) 

EA„ EA 


Matching: s c = £ s 


-L- + « c (Ar) = --L_+^(Ar) 

E„A„ EA,. 


f 1 1 A 


- + - 


\E C A C E S A S j 

1 


P c =(a s -a c )(AT) 
1 


- + - 


(3.6 x 10 6 )(96.392) (29 x 10 6 )(3.6079) 

P c =5.2254 xlO 3 lb 

3 


P c =(1.0x10 _6 )(65) 


P c 5.2254x10 . 

<j = — = = 54.210 psi 

c A 96.392 


P 5.2254 xlO 3 . 

cr s = — = = -1448.32 psi 

" A,. 3.6079 


cj c = 54.2 psi 


cr = -1.448 ksi 
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250 i 


- 30-mm diameter 


- 50-mm diameter 


300 mm 


PROBLEM 2.51 

A rod consisting of two cylindrical portions AB and BC is restrained at both 
ends. Portion AB is made of steel (E s = 200 GPa, a s =11.7x1 0 ~ 6 / °C) and 
portion BC is made of brass (E b =105 GPa, a b = 20.9 xlO^ 6 / °C). Knowing 
that the rod is initially unstressed, determine the compressive force induced in 
ABC when there is a temperature rise of 50 °C. 


c 


SOLUTION 


A ab =^d 2 AB = -^(30) 2 =706.86 mm 2 =706.86 xl0“ 6 m 2 

A bc =^ d Bc =^(50) 2 =1.9635 xlO 3 mm 2 = 1.9635 xl0~ 3 m 2 
Free thermal expansion : 

8 t = L AB a s (AT) + L BC a b (AT) 

= (0.250)(1 1 .7 x 10“ 6 )(50) + (0.300)(20.9 x 10“ 6 )(50) 

= 459.75 xl0~ 6 m 


Shortening due to induced compressive force P : 

PL PL 


8 P - 


EA 


- + - 


AB 


^b^BC 

0.250P 


- + - 


0.300P 


(200 x 1 0 9 )(706. 86 x 1 0“ 6 ) (105x1 0 9 )(1 .9635x1 0“ 3 ) 


= 3.2235 xl0~ y P 


For zero net deflection, S P = S T 

3.2235 x 10 ~ 9 P = 459.75 x 10 -6 
P = 142.624 x10 3 N 



P = 142.6 kN ◄ 
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24 in.->- 
A 

— 32 in. — 
B C 



/ 

\ 


2i -in. diameter 1 f- ,n - diameter 


PROBLEM 2.52 

A rod consisting of two cylindrical portions AB and BC is restrained at both 
ends. Portion AB is made of steel (E s = 29 x 10 6 psi, a s . = 6.5 x 10“ 6 /°F) and 
portion BC is made of aluminum (E a =10.4 x 10 6 psi, a a = 13.3 x 10 _6 /°F). 
Knowing that the rod is initially unstressed, determine ( a ) the normal stresses 
induced in portions AB and BC by a temperature rise of 70°F, ( b ) the 
corresponding deflection of point B. 


SOLUTION 


Free thermal expansion. 


A ab =j(2.25) 2 =3.9761 in 2 A BC =^(1.5) 2 =1.76715 in 2 


AT = 70°F 



(S T ) AB = L ab cc s (AT) = (24)(6.5 x 1(T 6 )(70) = 10.92 x 10“ 3 in. 
(S T ) BC = L BC a a (AT) = (32)(13.3 x 10~ 6 )(70) = 29.792 x 10~ 3 in. 
Total: S T = (S T ) AB + (S T ) BC = 40.712 xlO -3 in. 

Shortening due to induced compressive force P . 


(S p ) 


PL 


'AB 


24 P 


p J ab 


E s Aab 


(s P ) tc = PL,C 


(29xl0 b )(3.9761) 

32P 


E(i ^BC 


Total: 

For zero net deflection, 8 P = S T 


(10.4x10 6 )(1.76715) 

A = (S P ) AB + (S P ) BC = 1949.32 x 10 ~ 9 P 


■ 208.14xl0~ 9 P 


= 1741.18x10 TP 


1949.32 x 10“ 9 P = 40.712 x 10“ 3 


P = 20.885 xlO 3 lb 


(a) 


'AB 


'BC 


* AB 

P 

A BC 


20.885 x 10 
3.9761 

20.885 xlO 3 
1.76715 


-5.25 xlO 3 psi 
-1 1.82 x 10 3 psi 


(, b ) (Sp) AB = (208. 14 xl0 _9 )(20.885xl0 3 ) = 4.3470x10 3 in. 


(St) 


+ (S P ) AB <- = 10.92 xl0“ J ^+4.3470x10 3 <- 


T JAB 


a ab = -5.25 ksi 4 
g bc =-11.82 ksi A 

S B = 6.57xl(T 3 in. — » ◄ 


or 

(S P ) BC =(1741. 18 xl(T 9 )(20.885x 10 3 ) = 36.365 xl(T 3 in. 

S B = (^t)bc ^ + (^p)bc = 29.792 xlO -3 <— + 36.365 x 10“ 3 — » = 6.57 xl0“ 3 in. — » (checks) 
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PROBLEM 2.53 


|^24 in.— 
A 

— 32 in. — 
B C 




\ 


2± -in. diameter 1 f -in. diameter 


Solve Prob. 2.52, assuming that portion AB of the composite rod is made of 
aluminum and portion BC is made of steel. 

PROBLEM 2.52 A rod consisting of two cylindrical portions AB and BC is 
restrained at both ends. Portion AB is made of steel (E s = 29 x 10 6 psi, 
a s = 6.5 x 10“ 6 /°F) and portion BC is made of aluminum (E a = 10.4 x 10 6 psi, 
a a =13.3 x 1(T 6 / 0 F). Knowing that the rod is initially unstressed, determine 
(a) the normal stresses induced in portions AB and BC by a temperature rise of 
70°F, (b) the corresponding deflection of point B. 


SOLUTION 



A ab = ^(2.25) 2 =3.9761 in 2 A BC =^(1.5) 2 =1.76715 in 2 

Free thermal expansion. AT = 70°F 

(. S T ) AB = L AB a a (AT) = (24)(13.3 x 10“ 6 )(70) = 22.344 x 10 _3 in. 
(S T ) BC = L BC a s (AT ) = (32)(6.5 x 10 _6 )(70) = 14.56 x 10 3 in. 


Total: 


S T = (S T ) AB +(S T ) BC =36.904x10 3 in. 


Shortening due to induced compressive force P. 


(Sphs= ff~ 

^a^AB 

Phc 


(S p ) 


P)BC 


24P 

(10.4x10 6 )(3.9761) 

32P 

(29x10 6 )(1.76715) 


580.39 xl0^ 9 P 
624.42 xlO _9 P 


Total: 


Sp = (S P ) AB + (S P ) BC =1204.81 X 10- 9 P 


For zero net deflection, 8 P =S T 1204.81x10 9 P = 36.904x10 3 P = 30.631 x 10 3 lb 


(a) 



30.631x10 

3.9761 


= -7.70xl0 3 psi 


P 

BC 


30.63 lxlQ 3 
1.76715 


= -17.33xl0 3 


psi 


<j ab = -7.70 ksi M 
o BC = -17.33 ksi A 
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PROBLEM 2.53 (Continued) 


0 b ) (<^5 =(580.39xl0- 9 )(30.631xl0 3 ) = 17.7779xl0 _3 in. 

<7 S = (S T ) AB -> + ( S P ) AB <- = 22.344 x 1(T 3 ->• + 17.7779 x 1(T 3 <- S B = 4.57 x 10“ 3 in. -> ◄ 

or (S P ) BC = (624.42 x 10“ 9 )(30.63 1 x 10 3 ) = 19.1266 x 1(T 3 in. 

S B = ( S T ) BC <r- + ( S P ) BC — » = 14.56 xlO -3 <— + 19.1266xl0 -3 — >= 4.57 x 10“ 3 in. — > (checks) 
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PROBLEM 2.54 

The steel rails of a railroad track (E s = 200 GPa, a s = 11.7 x 102 _6 /°C) were laid at a temperature of 6°C. 
Determine the normal stress in the rails when the temperature reaches 48°C, assuming that the rails (a) are 
welded to form a continuous track, ( b ) are 10 m long with 3 -mm gaps between them. 


SOLUTION 


(a) S T =a(AT)L = (11.7 xl0~ 6 )(48-6)(l 0) = 4.914 xlO^ 3 m 


S P — 


PL 

~AE 


La 

~Y 


(10)g 

200 xlO 9 


= 50x10 12 £7 


S = S T +S P =4.914xl0 _3 +50xl0 _12 o- = 0 
<t = -98.3x 10 6 Pa 

(b) S = S T +S P = 4.914xl0“ 3 +50 x10“ 12 <j = 3x10“ 3 

3 x 10^ 3 -4.914x10 3 

a = v> 

50xl0 -12 
= -38.3xl0 6 Pa 


a = -98.3 MPa 


a = -38.3 MPa 
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PROBLEM 2.55 

Two steel bars (E s = 200 GPa and a s =11.7 x 10 _6 /°C) are used to 
reinforce a brass bar (E h = 105 GPa, a h = 20.9 x 10 _6 /°C) that is subjected 
to a load P = 25 kN. When the steel bars were fabricated, the distance 
between the centers of the holes that were to fit on the pins was made 
0.5 mm smaller than the 2 m needed. The steel bars were then placed in 
an oven to increase their length so that they would just fit on the pins. 
Following fabrication, the temperature in the steel bars dropped back to 
room temperature. Determine (a) the increase in temperature that was 
required to fit the steel bars on the pins, (b) the stress in the brass bar 
after the load is applied to it. 


SOLUTION 

(a) Required temperature change for fabrication : 

S T =0.5 mm = 0.5 x 1 0 3 m 

Temperature change required to expand steel bar by this amount: 

S T = La s AT, 0.5 x 10 -3 =(2.00)(11.7xl0“ 6 )(Ar), 
AT = 0.5xl0 -3 = (2)(1 1.7x1 0~ 6 )( AT 7 ) 

AT = 21.368°C 


21.4 °C ◄ 


(b) Once assembled, a tensile force P develops in the steel, and a compressive force P develops in the 
brass, in order to elongate the steel and contract the brass. 

Elongation of steel: A s = (2)(5)(40) = 400 mm 2 = 400 x 10“ 6 m 2 

_ P*(2.00) 


iS P \ 


A s E s (400 x 1 0 -6 )(200 x 1 0 9 ) 
Contraction of brass: A b = (40)(15) = 600 mm 2 = 600 x 10“ 6 m 2 

P*L _ P*(2.00) 


25xl(T 9 P* 


iS P ) b 


A b E b (600 x 1 0 -6 )(1 05 x 1 0 9 ) 


31.746x10 P 


But (S P ) s + (S P ) b is equal to the initial amount of misfit: 

(Sp) s +(S P ) h = 0.5 x 10 -3 , 56.746 xlO _9 P* =0.5x10“ 
P* =8.8112x10 3 N 

Stresses due to fabrication: 


Steel: 


cr* = —— = 8-8112x10 = 22.028 x 10 6 Pa = 22.028 MPa 


400x10 


-6 
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PROBLEM 2.56 

Determine the maximum load P that may be applied to the brass bar of 
Prob. 2.55 if the allowable stress in the steel bars is 30 MPa and the 
allowable stress in the brass bar is 25 MPa. 

PROBLEM 2.55 Two steel bars (E s = 200 GPa and a, = 11.7 x KrV’C) 
are used to reinforce a brass bar (E b = 105 GPa, a b = 20.9 x KrVC) 
that is subjected to a load P = 25 kN. When the steel bars were fabricated, 
the distance between the centers of the holes that were to fit on the pins 
was made 0.5 mm smaller than the 2 m needed. The steel bars were then 
placed in an oven to increase their length so that they would just fit on the 
pins. Following fabrication, the temperature in the steel bars dropped back 
to room temperature. Determine (a) the increase in temperature that was 
required to fit the steel bars on the pins, ( b ) the stress in the brass bar after 
the load is applied to it. 


SOLUTION 


See solution to Problem 2.55 to obtain the fabrication stresses. 


cr* = 22.028 MPa 
<j b — 14.6853 MPa 


Allowable stresses: cr, all = 30 MPa, cr bSLll = 25 MPa 

Available stress increase from load. 


Corresponding available strains . 


cr, = 30 — 22.028 = 7.9720 MPa 
cr^ = 25 + 14.6853 = 39.685MPa 



7.9720 xlO 6 
200 xlO 9 
39.685 xlO 6 
105 xlO 9 


= 39.860 xl(T 6 


= 377.95 xlO -6 


Smaller value governs s = 39.860 x 10 6 
Areas: A s = (2)(5)(40) = 400 mm 2 = 400 x 10“ 6 m 2 
A b = (15X40) = 600 mm 2 = 600 x 10 _6 m 2 
Forces P s = E s A s s = (200 x 10 9 )(400 x 10“ 6 )(39.860 x 10" 6 ) = 3.1888 x 10 3 N 
P b = E b A b e = (105 x 10 9 )(600 x 10 6 )(39.860 x lO^ 6 ) = 2.51 12 x 10~ 3 N 
Total allowable additional force: 

P = P s +P b =3.1888xl0 3 +2.5112xl0 3 = 5.70xl0 3 N 


P = 5.70kN ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


156 


Dimensions in mm 


0.15 



PROBLEM 2.57 

An aluminum rod (E a = 70 GPa, a a -23.6 x 10 _6 /°C) and a steel link 
(E s x 200 GPa, a a = 11.7 x 10“ 6 /°C) have the dimensions shown at a 
temperature of 20°C. The steel link is heated until the aluminum rod 
can be fitted freely into the link. The temperature of the whole 
assembly is then raised to 150°C. Determine the final normal stress 
(i a ) in the rod, ( b ) in the link. 


SOLUTION 

AT = T f - T { = 150°C - 20°C = 130°C 

Unrestrained thermal expansion of each part: 

Aluminum rod: ( S T ) a = La a (AT) 

(S T ) a = (0.200 m)(23.6 x 10“ 6 /°C)(130°C) 

= 6.1360 xl0~ 4 m 

Steel link: (S T ) s = La s (AT) 

(5 t ) s = (0.200 m)(l 1.7 x 10 _6 /°C)(130°C) 

= 3.0420 xl0 _4 m 

Let P be the compressive force developed in the aluminum rod. It is also the tensile force in the steel link. 

PL 

Aluminum rod: (S P ) n = 

P(0.200 m) 

~ (70 x 10 9 Pa)(/r/4)(0.03 m) 2 

= 4.0420 xlO _9 P 

PI 

Steel link: (S P )= 

EA 

P(0.200) 

_ (200 x 10 9 Pa)(2)(0.02 m) 2 

= 1.250 xlO“ 9 P 

Setting the total deformed lengths in the link and rod equal gives 

(0.200) + (S T ) s + (S P = (0.200) + (0.15 x 10~ 3 ) + (£> r ) a -(S P ) a 
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0.02 in. 


k 14 in. 

18 in. ■>- 






Bronze 
A = 2.4 in 2 
E = 15 X 10 6 psi 
a = 12 X l(r 6 / 0 F 


Aluminum 
A = 2.8 in 2 
E = 10.6 X 10® psi 
a = 12.9 X lCr 6 /°F 


PROBLEM 2.58 

Knowing that a 0.02-in. gap exists when the temperature is 75 °F, 
determine (a) the temperature at which the normal stress in the 
aluminum bar will be equal to -11 ksi, ( b ) the corresponding exact 
length of the aluminum bar. 


SOLUTION 


Shortening due to P : 


<j a =-11 ksi = -llxl0 3 psi 


P = -a a A a = (1 1 x 10 3 )(2.8) = 30.8 x 10 3 lb 




S P = 


PL h 


PL, 


E b A b E a A a 

(30.8 x 1 0 3 )(1 4) (30.8 x 1 0 3 )(1 8) 


(15xl0 6 )(2.4) (10.6 x10 6 )(2.8) 


= 30.657 xl0“ 3 in. 

Available elongation for thermal expansion : 


S T = 0.02 + 30.657 x 10“ J = 50.657 x 10“ J in. 


But 8 t = L b a b (AT) + L a a a (AT) 

= (14)(12 X lO^XAr) + (18X12.9 x 10~ 6 )(Ar) = (400.2 x 10" 6 )Ar 
Equating, (400.2 x 10" 6 )Ar = 50.657 x 10 -3 AT = 126.6°F 


(a) 

(b) 


Thot = Tioid + AT = 75 + 126.6 = 201 ,6°F 


5 a = L a a a( AT )~ 


PLg 
E„ A„ 


T hot = 201. 6°F ◄ 


= (18)(12.9 x 10- 6 X26.6) - ( 30 - 8xl ° X 18 ) = 10.712 x 10“ 3 in. 

(10.6x10 6 X2.8) 


4xac =18 + 10.712x10- 


= 18.0107 in. 


L = 18.0107 in. ◄ 
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0.02 in. 


k 14 in. 

^ 18 in. ■>- 






Bronze 
A = 2.4 in 2 
E = 15 X 10 6 psi 
a = 12 X l(r 6 / 0 F 


Aluminum 
A = 2.8 in 2 
E = 10.6 X 10® psi 
a = 12.9 X 10“ 6 / o F 


PROBLEM 2.59 

Determine {a) the compressive force in the bars shown after a 
temperature rise of 180°F, ( b ) the corresponding change in length of 
the bronze bar. 


SOLUTION 

Thermal expansion if free of constraint : 

8 t — L b a b (AT 7 ) + L a a a (AT 7 ) 

= (14)(12 x 1(T 6 )(180) + (18)(12.9 x 1(T 6 )(180) 
= 72.036 xl0“ 3 in. 

Constrained expansion : 8 = 0.02 in. 

Shortening due to induced compressive force P : 


But 


Equating, 



S P = 72.036 X 10“ 3 - 0.02 = 52.036 x 10 _3 in. 


<? D = 


PL h 


- + - 


PL n 


Eb\ E a A a 


U _| u_ 

\Pb\ E a A a j 


14 


18 


(15x10 6 )(2.4) (10.6x10 6 )(2.8) 


P = 995.36 x 10‘ TP 


995.36 x 10“ 9 P = 52.036 x 10 -3 


P = 52.279 xlO 3 lb 


(a) P = 52.3 kips ◄ 

PL 

(b) S b = L b a b (AT) - —~r 

E bA 

= (14)(12x 10^)(180)- (52,279x . 10 =9.91 x 10~ 3 in. 8 h = 9.91 x 10“ 3 in. ◄ 

(15x10 6 )(2.4) 
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0.5 mm 


300 mm ► 


— 250 mm — ► 

A 


B 





Aluminum 
A = 2000 mm 2 
E = 75 GPa 
a = 23 X 10- 6 /°C 


Stainless steel 
A = 800 mm 2 
E = 190 GPa 
a = 17.3 X 10- 6 /°C 


PROBLEM 2.60 

At room temperature (20°C) a 0.5 -mm gap exists between the ends of 
the rods shown. At a later time when the temperature has reached 
140°C, determine (a) the normal stress in the aluminum rod, (b) the 
change in length of the aluminum rod. 


SOLUTION 


AT = 140 - 20 = 120°C 

Free thermal expansion : 

~ L a a a + L s a s (A T) 

= (0.300)(23 x 10" 6 )(120) + (0.250)(17.3 x 10“ 6 )(120) 
= 1.347 xl0 _3 m 


Shortening due to P to meet constraint : 


S P = 1.347 xlO" 3 -0.5 xl(T J = 0.847 xl0“ 3 m 


Equating, 


8 P - 


PL„ PL„ 
+ - 


E a A a E s A s 


L„ L, 
- + - 


\ E a A a E s A s j 


0.300 


0.250 


(75 x 1 0 9 )(2000 x 1 O’ 6 ) (1 90 x 1 0 9 >(800 x 1 0 -6 ) 


: 3.6447 xlO _9 P 

3.6447 x 10 ~ 9 P = 0.847 x 10 -3 

P = 232.39 x10 3 N 


(a) <j= = - , 

A n 2000 xlO -6 


23239X10 =-116.2 xlO^Pa 


0 b ) S a =L a aJAT)- 


PE 

E„A„ 


= (0.300)(23 x lo^xno) - 


(232.39 xlQ J )(0.300) 
(75 x 10 9 )(2000x 10” 6 ) 


= 363x10 m 


a a =-116.2 MPa ◄ 


S a = 0.363 mm -4 
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5.0 in. 



in. diameter 


PROBLEM 2.61 

A standard tension test is used to determine the properties of an experimental plastic. 
The test specimen is a | -in. -diameter rod and it is subjected to an 800-lb tensile 
force. Knowing that an elongation of 0.45 in. and a decrease in diameter of 0.025 in. 
are observed in a 5 -in. gage length, determine the modulus of elasticity, the modulus 
of rigidity, and Poisson’s ratio for the material. 



SOLUTION 


4 4 v 8 


= 0.306796 in 2 


P = 800 lb 


P 

<7, ,= — = 


800 


A 0.306796 


= 2.6076 xlO 3 psi 


S '- M5 -0.090 


L 

S r 


5.0 
-0.025 


d 0.625 


-0.040 


p &y 2.6076 xlO 3 oon ^ , n3 - 

E = — = = 28.973 x 10 psi 

e„ 0.090 


-0.040 


0.090 


: 0.44444 


28.973x10" 


a = - 


2(1 + v) (2)(1 + 0.44444) 


= 10.0291 xlO 3 psi 


E = 29.0 xlO 3 psi 
v = 0.444 


cr = 10.03 xlO 3 psi 


◄ 

◄ 

◄ 
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640 kN 



PROBLEM 2.62 

A 2-m length of an aluminum pipe of 240-mm outer diameter and 10-mm 
wall thickness is used as a short column to carry a 640-kN centric axial load. 
Knowing that E = 13 GPa and v = 0.33, determine ( a ) the change in length of 
the pipe, ( b ) the change in its outer diameter, (c) the change in its wall 
thickness. 


SOLUTION 


d Q = 0.240 * = 0.010 L = 2.0 

d i =d Q - 21 = 0.240 -2(0.010) = 0.220 m P = 640xl0 3 N 
A = ^(d 2 - d 2 ) = ^(0.240 - 0.220) = 7.2257 x 10" 3 m 2 
(640x1Q 3 )(2.0) 

EA~ (73 x 10 9 )(7.2257 x 10“ 3 ) 

= -2.4267 x 1 0 3 m 8 = -2.43 mm ◄ 


s 


S_ 

L 


-2.4267 

2.0 


= -1.21335 xlO -3 


s LAT = -vs = —(0.33)(— 1.21335 x 10^ 3 ) 

= 4.0041 xlO -4 

(b) A d 0 = d 0 s LAT = (240 mm)(4.0041 x 10 4 ) = 9.6098 x I O ' 2 mm 


A t = ts LAT = (10 mm)(4.0041xl0" 4 ) = 4.0041 xl0~ 3 mm 


A d 0 = 0.096 1 mm -4 
At = 0.00400 mm ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


163 



PROBLEM 2.63 

A line of slope 4:10 has been scribed on a cold-rolled yellow-brass 
plate, 150 mm wide and 6 mm thick. Knowing that E = 105 GPa and 
v = 0.34, determine the slope of the line when the plate is subjected to 
a 200-kN centric axial load as shown. 
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PROBLEM 2.64 


2.75 kN - 




50 mm ► 



4 

> 4 

J 

> 


7 

i B 1 

12i 

mm 



► 2.75 kN 


A 2.75-kN tensile load is 
applied to a test coupon 
made from 1.6-mm flat 
steel plate (E = 200 GPa, 
v = 0.30). Determine the 
resulting change (a) in the 
50-mm gage length, ( b ) in 
the width of portion AB 
of the test coupon, (c) in 
the thickness of portion 
AB , ( d) in the cross- 
sectional area of portion 
AB. 


SOLUTION 


A = (1.6)(12) = 19.20 mm 2 

= 19.20xl0 -6 m 2 

P = 2.75xl0 3 N 

_P_ 2.75 xlO 3 
x ~ A~ 19.20 xl0“ 6 

= 143.229 xlO 6 Pa 


tr x _ 143.229 x IQ 6 
E ~ 200 xlO 9 


716.15xl0“ 6 


s y = s z =-oe x =-(0.30X716.15 xl0~ 6 ) = -214.84 xlO" 6 
(a) L = 0.050 m S x =Ls x =(0.50X716. 15 xl0“ 6 ) = 35.808 xl0“ 6 m 


(b) w = 0.012 m S y =ws y = (0.012)(-214.84 xl0' 6 ) = -2.5781 xlO^m 


(c) t = 0.0016 m S z =ts z = (0.0016X— 214.84 xl0" 6 ) = -343.74 xl0" 9 m 


(d) A = w 0 (\ + £ y )t 0 (\ + £ z ) = w 0 t 0 {\ + £ y +£ z +e y £ z ) A =M; o ? o 

A A = A- A 0 = w 0 t 0 (£ y + s z + negligible term) = 2w 0 t 0 e y 
= (2)(0.0 1 2)(0.00 1 6)(-2 1 4.84 x 10“ 6 ) = -8.25 x 10“ 9 m 2 


0.0358 mm A 
-0.00258 mm A 
-0.000344 mm ◄ 


-0.00825 mm 2 <4 
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PROBLEM 2.65 

/ 22-mm diameter 

75 kN / 75 kN In a standard tensile test, a steel rod of 22-mm diameter is subjected to a 


\* 200 mm >j 

tension force of 75 kN. Knowing that v = 0.3 and E = 200 GPa, 
determine {a) the elongation of the rod in a 200-mm gage length, (b) the 
change in diameter of the rod. 


SOLUTION 


P = 75 kN = 75 x 10 3 N A = —d 2 = — (0.022) 2 = 380.13 x 10“ 6 m 2 

4 4 


(7 


p_ 

A 

a 

E 


75 x IQ 3 
380.13 xl0“ 6 
197.301 xlQ 6 
200 x 10 9 


= 197.301 x 10 6 Pa 
= 986.51 xKT 6 


Ls x = (200 mm)(986.51 x 10“ 6 ) 


(a) S x = 0.1973 mm ◄ 
e y = -V£ x = —(0.3X986.51 X 10“ 6 ) = -295.95 x 10" 6 
S y = ds y = (22 mm)(-295.95 x 10" 6 ) 


( b ) S y = -0.00651 mm ◄ 
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a 


2.5 in. 


^3 


PROBLEM 2.66 

The change in diameter of a large steel bolt is carefully measured as the 
nut is tightened. Knowing that E - 29 x 10 6 psi and v = 0.30, determine 
the internal force in the bolt if the diameter is observed to decrease by 
0.5 x 10 -3 in. 


SOLUTION 


= -0.5 x 10 in. d - 2.5 in. 


e = ^ = - °- 5xl °" 3 = -0.2 x 10- 3 
y d 


2.5 


y . 


- e v 0.2 x 10" 3 


v = — ^ : e x = — 1 

V 


0.3 


0.66667 x 10 


-3 


c x = Es x = (29 x 10°)(0.66667 x 10" 3 ) = 19.3334 x 10" psi 


A = —d 2 = — (2.5) 2 = 4.9087 in 2 
4 4 


F = <j x A = (19.3334 x 10 3 )(4.9087) = 94.902 x 10 3 lb 


F = 94.9 kips 4 
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PROBLEM 2.67 



240 mm 


600 mm 


The brass rod AD is fitted with a jacket that is used to apply a 
hydrostatic pressure of 48 MPa to the 240-mm portion BC of the rod. 
Knowing that E = 105 GPa and v = 0.33, determine (a) the change in 
the total length AD , (b) the change in diameter at the middle of the rod. 


dU- 

50 mm 


SOLUTION 

a x = <j z =-p = -48 x 10 6 Pa, a y = 0 

s z =—{cr x -u<j y -ua z ) 

E 

= 105 ^ 10 9 H 8 x 106 - (°- 33 )(°) - (0.33)(-48 xlO-)] 

= 306.29 xlO- 6 

s y =-(-ua x -a y -ucr : ) 

E 

= [— (0.33)( — 48 x 10 6 ) + 0 - (0.33)(-48 x 10 6 )1 

105 xlO 9 L J 

= 301.71xl0^ 6 

(a) Change in length: only portion BC is strained. L = 240 mm 

S y =Ls y =(240)(-301.71xl0- 6 ) = -0.0724 mm ◄ 

( b ) Change in diameter: d = 50 mm 

8 X =S Z =ds x =(50)(-306.29xl0- 6 ) = -0.01531 mm ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


168 


y 


PROBLEM 2.68 



A fabric used in air-inflated structures is subjected to a biaxial 
loading that results in normal stresses o x - 18 ksi and cr z = 24 ksi. 
Knowing that the properties of the fabric can be approximated as 
E - 12.6 x 10 6 psi and v = 0.34, determine the change in length of 
(< a ) side AB , ( b ) side BC , (c) diagonal AC. 


SOLUTION 

(J x = 1 8 ksi <j y = 0 ci z = 24 ksi 

s = — (cr - VC 7 V — vcj, ) = — — \ 1 8, 000 - (0.34)(24, 000)1 = 780.95 x 1 0 -6 

x E x y 2 12.6 xlO 6 L J 

£=— (-va r -va v +(7,) = — — r-(0.34)(l 8, 000) + 24, 0001 = 1 .4 1 905 x 1 0“ 3 

2 E x y 2 12.6 xlO 6 L J 

(a) S AB = ( AB)e x = (4 in.)(780.95 x 10 -6 ) = 0.0031238 in. 

(b) 8 bc = (. BC)s z = (3 in.)(l .41905 x 10 -3 ) = 0.0042572 in. 


0.003 12 in. ◄ 


0.00426 in. ◄ 



But a = 4 in. 


Label sides of right triangle ABC as a , b , c. 

Then c 2 = a 2 + b 2 

Obtain differentials by calculus. 

2 cdc = 2ada + 2 bdb 

dc = —da + —db 
c c 

b — 3 in. c = V4 2 +3 2 = 5 in. 


Ja = = 0.0031238 in. 


db = = 0.0042572 in. 


(c) =rfc = -(0.0031238) + -(0.0042572) 


0.00505 in. ◄ 
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A 

cr ' = 6 ksi 

ttlttl 

PROBLEM 2.69 

A 1-in. square was scribed on the side of a large steel pressure vessel. 
After pressurization the biaxial stress condition at the square is as 
"*V x = 12 ksi shown. Knowing that E - 29 x 10 6 psi and v = 0.30, determine the 
change in length of (a) side AB , ( b ) side BC , (c) diagonal AC. 

] c 

lin. ^ 
D 

ITT! 17 


1 in. — * 
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PROBLEM 2.70 



The block shown is made of a magnesium alloy, for which 
E- 45 GPa and v = 0.35. Knowing that a x =-180 MPa, 
determine ( a ) the magnitude of cr y for which the change in 
the height of the block will be zero, ( b ) the corresponding 
change in the area of the face ABCD , (c) the corresponding 
change in the volume of the block. 


SOLUTION 


(a) 8 y = 0 e y = 0 cr z = 0 

£ y =j(<7 x -va y -va z ) 

a y =vct x =(0.35)(-180xl0 6 ) 


= -63xl0 6 Pa 


<j y = -63.0 MPa ◄ 


= - v °y) = + °>) = 


(0.35)(-243 x 10 6 ) 


45 x 10 y 


= +1.890x10 


,-3 


1 , , 
-((T x -V<J v ~V(7 Z ): 


cr r - va„ 


157.95 xlQ 6 
45 x 10 9 


-3.510x10“ 


(b) A 0 = L X L Z 

A = L x {\ + £ X )L Z (\ + £ z ) = L x L z (l + £ x +£ z + £ x £- ) 
A A = A - Ag = L X L Z (£ x + £ z + s x s z ) « L X L Z (£ x + e z ) 


A A = (100 mm)(25 mm)(-3 .5 1 0 x 1 0“ 3 + 1 .890 x 1 0“ 3 ) 


(c) 


V 0 =L x L y L 2 

V = L x (l + £ x )L y (l + £ y )L z (l + £ z ) 

= L x L y L z (1 + £ x +£ y +£ z + £ x £ y + £ y £ z + £ z £ x + £ x £ y £ z ) 
AV = V-Vg= L x L y L z (£ x +£ y +£ z + small terms) 

AV = (100)(40)(25)(-3.5 10 x 1 0 -3 + 0 + 1 .890 x 1 0 -3 ) 


AA = -4.05 mm 2 ◄ 


AV = -162.0 mm 3 ◄ 
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PROBLEM 2.71 

The homogeneous plate ABCD is subjected to a biaxial loading as 
shown. It is known that o z = cr 0 and that the change in length of 
the plate in the x direction must be zero, that is, s x = 0. Denoting 
by E the modulus of elasticity and by v Poisson’s ratio, determine 
(a) the required magnitude of cr x , (b) the ratio cr 0 / s z . 


SOLUTION 


Cr z= C7 0> = 0 

e x = ~ {<r x - v<J y - vcr z ) = ~(a x - v<j 0 ) 


(a) 

(b) 


1 , ^ 1 , 2 
= — (-vcr^ - va y + cr z ) = — (-v cr 0 


n ^ l ~ v 
■0 + (j 0 ) = ——(J 0 


= vcr o < 
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PROBLEM 2.72 

For a member under axial loading, express the normal strain s' in a 
direction forming an angle of 45° with the axis of the load in terms of the 
axial strain s x by (a) comparing the hypotenuses of the triangles shown in 
Fig. 2.43, which represent, respectively, an element before and after 
deformation, ( b ) using the values of the corresponding stresses of cr'and 
cj x shown in Fig. 1.38, and the generalized Hooke’s law. 
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PROBLEM 2.72 (Continued) 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


V 




PROBLEM 2.73 



In many situations, it is known that the normal stress in a given direction is zero. 
For example, <r z = 0 in the case of the thin plate shown. For this case, which is 
known as plane stress, show that if the strains s x and s y have been determined 
experimentally, we can express a x , <j , and s z as follows: 


£ x + V£ v 

= E~ J 


1-v 


_ e y +ve x 
<Ty 1-v 2 


s = — 


1-v 


( £ x +£ y) 


SOLUTION 

o 

ll 

tT 



1 r n 

£ X =j(< J x- V < J y) 

(1) 


1 , 

£ y =—(~ V(J x +Cr y) 

(2) 

Multiplying (2) by 

v and adding to (1), 



1-v 2 E , 

£ x+ v£ y = r or cr = (s x +vs) 

E 1-v 

◄ 

Multiplying (1) by 

v and adding to (2), 



1-v 2 E 

£ y +V£ x = „ °y ° r °y = . 2 ( £ y +Ve x) 

E 1 — V 

◄ 


1 , V X / s 

f z = £ ( V °y)= x v 2 (£ x +V£y+£ y +V£ x ) 

v(l + v) V . 

= , 2 ( £ x +£ y) = , ( £ x +£ y) 

1-v 1-V 

◄ 
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PROBLEM 2.74 



In many situations, physical constraints 
prevent strain from occurring in a given 
direction. For example, s z = 0 in the case 
shown, where longitudinal movement of 
the long prism is prevented at every point. 
Plane sections perpendicular to the 
longitudinal axis remain plane and the 
same distance apart. Show that for this 
situation, which is known as plane strain, 
we can express cr z , e x , and s as follows: 

a z =v(o- x +a v ) 

£ x = ~[(1 - y2 ) <J X — V (1 + v )cr ] 

E 

£ y = F[(l - V 2 )<J y - V(1 + V)CT X ] 


SOLUTION 

£ z =0 = F(- VC r* - vcr v + a 2 ) or <r z = v(a x + a y ) 

◄ 


£ x =~( cr A ~ v(T y ~ vcr z) 

1 , 

= — K- VCJ v - V (CT x + <7 y )] 

= -^[(l-V 2 )0- x -V(1 + V)(T ] 

E 

◄ 


1 / 

£ y=—(- V °x+°y- V ° z) 

1 , 

= -[-vcr x +a y -v ( <T x +t7 y )] 

= ^[(l-v 2 )o- -v(l + v)o-J 
E 

◄ 
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PROBLEM 2.76 

What load P should be applied to the plate of Prob. 2.75 to produce a ^--in. 
deflection? 

PROBLEM 2.75 The plastic block shown is bonded to a rigid support and to a 
vertical plate to which a 5 5 -kip load P is applied. Knowing that for the plastic 
used G = 150 ksi, determine the deflection of the plate. 



8 = — in. = 0.0625 in. 
16 

h - 2 in. 



0.0625 

2 


0.03125 


G = 150 x 10 3 psi 
t = Gy = (150 x 10 3 )(0.03 125) 


= 4687.5 psi 

A = (3.2)(4.8) = 15.36 in 2 
P = tA = (4687.5)(15.36) 


= 72.0 x 10 3 lb 


72.0 kips A 
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PROBLEM 2.79 

An elastomeric bearing (G = 130 psi) is used to support a bridge girder 
as shown to provide flexibility during earthquakes. The beam must not 
displace more than | in. when a 5-kip lateral load is applied as shown. 
Knowing that the maximum allowable shearing stress is 60 psi, 
determine (a) the smallest allowable dimension b , ( b ) the smallest 
required thickness a. 


SOLUTION 

Shearing force: 
Shearing stress: 


P = 5 kips = 5000 lb 
t = 60 psi 


t = - 


or 


A r 

and A = ( 8 in.)(&) 


. P 5000 ... . 2 

A- — = = 83.333 m 


60 



(a) 


, A 83.333 
b = — = = 10.4166 in. 


b = 10.42 in. ◄ 


y = — = — = 461 .54 x 10 3 rad 
<t 130 

/IX 5 8 0.375 in. 

(b) But , or a = — = 

a r 461.54 xlO -3 


! = 0.813 in. ◄ 
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PROBLEM 2.80 

For the elastomeric bearing in Prob. 2.79 with b = 10 in. and a = 1 in., 
determine the shearing modulus G and the shear stress r for a 
maximum lateral load P = 5 kips and a maximum displacement 
S = 0.4 in. 


SOLUTION 



Shearing modulus: 


Shearing force: P = 5 kips = 5000 lb 

Area: A = (8 in.)(10 in.) = 80 in 2 

Shearing stress: 


P 5000 
T ~ A~ 80 



0.4 in. 
lin. 


= 0.400 rad 


t _ 62.5 
y 0.400 


r = 62.5 psi A 


G = 156.3 psi A 
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PROBLEM 2.81 

A vibration isolation unit consists of two blocks of hard rubber bonded 
to a plate AB and to rigid supports as shown. Knowing that a force of 
magnitude P = 25 kN causes a deflection S = 1.5 mm of plate AB , 
determine the modulus of rigidity of the rubber used. 
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SOLUTION 


iP 



iP 


Shearing strain: 
Shearing stress: 
Force: 


t = Gy = 


GS 


GAS 


-P = At = 

2 h 


or P = 


Effective spring constant: k = — = 

8 h 


2 GAS 


with 


A = (0.15)(0.1) = 0.015 m 2 h = 0.03 m 


k = 2(19 x 10 6 Pa)(0.015 m 2 ) _ 19 QQ x 1Q 6 N/m 
0.03 m 


k = 19.00 x 10 3 kN/m ◄ 
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PROBLEM 2.83 


A 6-in. -diameter solid steel sphere is lowered into the ocean to a point where the pressure is 7.1 ksi (about 
3 miles below the surface). Knowing that E = 29xl0 6 psi and v = 0.30, determine (a) the decrease in 
diameter of the sphere, ( b ) the decrease in volume of the sphere, ( c ) the percent increase in the density of the 
sphere. 
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- 85 mm - 


135 mm 



cr n = — 58 MPa 


E = 105 GPa 


= 0.33 


PROBLEM 2.84* 

(a) For the axial loading shown, determine the change in height and the 
change in volume of the brass cylinder shown. ( b ) Solve part a, 
assuming that the loading is hydrostatic with cr x = a = a z = -70 MPa. 


SOLUTION 


h {) = 135 mm = 0.135 m 

A 0 = Edl =E(S5) 2 = 5.6745 x 10 3 mm 2 = 5.6745 x 1(T 3 m 2 
V 0 = A 0 h 0 = 766.06 x 10 3 mm 3 = 766.06 x 10“ 6 m 3 
(a) g x = 0, a y =-58xl0 6 Pa, a z =0 

£ = -(-va x +g -vg z ) = ^L = - 58x10 = - 552 . 38 x 10' 6 

y E x y 2 E 105 xlO 9 


A h = h 0 s =(135 mm)( - 552.38 x 10 6 ) 


y 

= (1 - 2V)J > = (0-34X-58k 10») g _, 87 . 81xl „^ 


105 x 10 


Ah = -0.0746 mm -4 


AV = V 0 e = (766.06 x 10 3 mm j )(-187.81 x 10" 6 ) 
(b) g x =G y =g z =-70xl0 6 Pa 


^x+^y+^z 


-210xl0 6 Pa 


1, . l-2v (0.34)(-70xl0 b ) w rn , , 

e„ = — ( — vg + g v - vg 7 ) = g = - = -226.67 x 10 6 

' * y E y 105 xlO 9 

- 6 \ 


y 


A h = h 0 s =(135 mm)( -226.67 xlO -0 ) 


AV = -143.9 mm 3 ◄ 


Ah = -0.0306 mm A 


* , (0.34)(-210xl0 6 ) 

e = — iPx +CT y +<T z) = 7 = -680 X 10 


1 - 2v . 

~E 


105x10 

AV = V 0 e = (766.06 x 10 3 mm 3 )(-680 x 10“ 6 ) 


AV = -521 mm 3 ◄ 
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z' 1 in. diameter 


PROBLEM 2.85* 

11 KipS f \ ^ 

\* 8 in. 

~ \ 1 1 kips 

)— 1 ► 

Determine the dilatation e and the change in volume of the 8-in. length 
of the rod shown if ( a ) the rod is made of steel with E = 29 x 10 6 psi 
and v = 0.30, ( b ) the rod is made of aluminum with E = 10.6 x 10 6 psi 
and v = 0.35. 


SOLUTION 


Stresses : 


A = —d 2 = — (l) 2 = 0.78540 in 2 
4 4 

P = llxl0 3 lb 


P llxlO 3 


<j r = — 


I 0.78540 


= 14.0056 xlO 3 psi 


cr y =cr z =0 


(a) Steel . 


E = 29xl0 6 psi 


v = 0.30 


1 cr 14.0056 xlO 3 „„„ ftir , n _ 6 

£ x = — ( <j x -va v — vcr ) = — — = — = 482.95x10 6 

x E x y 2 E 29xl0 6 


f = E-va x + cr - vo\) = -- ^ = -v£ x = -(0.30)(482.95 x 10 6 ) 
E 


V _^x 

E 


= -144.885x10 


-6 


A- = - v<r y + o- z ) = ^ = s y = -144.885 x 10” 


e = £ x +s y +e z =193.2x10 


Av = ve = A Le = (0.78540)(8)(193.2 x KT 0 ) = 1.214x 1(T 3 in 3 


(6) Aluminum . E = 10.6 xlO 6 psi v = 0.35 


o,= 14.0056x10^ = i32i28x1q _3 
E 10.6 xlO 6 

£=-vs x = -(0.35)(l .32128 xlO“ 3 ) = -462.45 xlO -6 


£ z =£ y = -462.45 xlO~ 


e = s x + £ y + s z =396x10 


-6 


Av = ve = ALe = (0.78540)(8)(396 x 10“°) = 2.49 x 10” 3 in 3 


◄ 

◄ 


◄ 

◄ 
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PROBLEM 2.86 


Determine the change in volume of the 50-mm gage length segment AB in Prob. 2.64 ( a ) by computing the 
dilatation of the material, (b) by subtracting the original volume of portion AB from its final volume. 


PROBLEM 2.64 A 2.75-kN tensile load is applied to a test coupon made from 1.6-mm flat steel plate 
( E - 200 GPa, v = 0.30). Determine the resulting change (< a ) in the 50-mm gage length, ( b ) in the width of 
portion AB of the test coupon, (c) in the thickness of portion AB , ( d) in the cross-sectional area of portion AB. 


2.75 kN ■ 


■vl 


50 mm ■ 




r 


B Y 


- 2.75 kN 


12 mm 


SOLUTION 


(a) 


Aq =(12)0.6) = 19.2 mm 2 =19.2xl0“ 6 m 2 
Volume V 0 = L 0 Aq = (50)09.2) = 960 mm 3 

P 9 75 v 1 O 3 

<r= — = — - = 143.229 xlO 6 Pa <r =<r= 0 

\ 19.2 xlO -6 y 



- Per,. 



143.229 xlO 6 
200 xlO 9 


= 716.15 xlO -6 


s y =s z =-vs x = -(0.30)(7 1 6. 1 5 x 1 0” 3 ) = -2 1 4.84 x 1 0” 6 

e = £ x + £ y + s z = 286.46 x 10 -6 

Av = v 0 e = (960)(286.46 x 10" 6 ) = 0.275 mm 3 
( b ) From the solution to problem 2.64, 

8 X =0.035808 mm S y =-0.0025781 8 Z = -0.00034374 mm 

The dimensions when under the 2.75-kN load are 
Length: L = L 0 + 8 X =50 + 0.035808 = 50.035808 mm 

Width: W = w 0 +S y = 12 - 0.0025781 = 1 1 .997422 mm 

Thickness: t = t 0 + 8 Z = 1.6 - 0.00034374 = 1.599656 mm 

Volume: V = Lwt = (50.03581)0 1.997422)0.599656) = 960.275 mm 3 

AV = V-V 0 = 960.275 - 960 = 0.275 mm 3 


◄ 


◄ 
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PROBLEM 2.87* 

A vibration isolation support consists of a rod A of radius R x = 10 mm and 
a tube B of inner radius R 2 = 25 mm bonded to an 80-mm-long hollow 
rubber cylinder with a modulus of rigidity G = 12 MPa. Determine the 
largest allowable force P that can be applied to rod A if its deflection is not 
to exceed 2.50 mm. 


SOLUTION 


Let r be a radial coordinate. Over the hollow rubber cylinder, R x < r < R 2 . 

Shearing stress r acting on a cylindrical surface of radius r is 

_P _ P 
A 2jrrh 


The shearing strain is 


T _ P 
G 2nGhr 


Shearing deformation over radial length dr : 


dS 



dS = ydr 


P dr 
2nGh r 


Total deformation. 



P r ^2 dr 
2n Gh -U r 


P 

2 nGh 
P 

2 nGh 


i 1*2 

In r 

\r y 


In — 


„ 2 nGhS 


\n(R 2 /R t ) 



Data: ^=10 0^11 = 0.010 01 , R 2 = 25 mm = 0.025 m, h = 80 m m = 0.080 m 

G = 12xl0 6 Pa 8 = 2.50 xlO -3 m 

P (2^)(12x10 6 )(0.080)(2.50x 10- 3 ) lfi 16 x1Q 3 n 
In (0.025/0.010) 


16.46 kN ◄ 
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PROBLEM 2.88 

A vibration isolation support consists of a rod A of radius R\ and a tube B of 
inner radius R 2 bonded to a 80-mm-long hollow rubber cylinder with a 
modulus of rigidity G = 10.93 MPa. Determine the required value of the ratio 
R 2 /R\ if a 10-kN force P is to cause a 2-mm deflection of rod ,4. 
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PROBLEM 2.89* 

The material constants E, G, k, and v are related by Eqs. (2.33) and (2.43). Show that any one of these constants 
may be expressed in terms of any other two constants. For example, show that (a) k = GE/(9G - 3 E) and 
(b)v = (3k-2G)/(6k + 2G). 


SOLUTION 


3(1 - 2v) 


and G - 


2(1 + v) 


E E 

(a) 1 + v = or v = 1 

2 G 2 G 



( E Y 

1-2 

1 


l2G JJ 


2EG 

3[2G -2E + AG] 


2EG 

18G-6£ 


k _ 2(1 + v) 
~G~ 3(1 -2v) 


k - ™ 
9G-6E 


◄ 


3k - 6 kv = 2 G + 2 Gv 
3k-2G = 2G + 6k 


_3k-2G 
V ~ 6k + 2G 


◄ 
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PROBLEM 2.90* 

Show that for any given material, the ratio G/E of the modulus of rigidity over the modulus of elasticity is 
always less than j- but more than j. [Hint: Refer to Eq. (2.43) and to Sec. 2.13.] 


SOLUTION 


E 

E 

G = or 

— = 2(1 + v) 

2(1 + v) 

G 

Assume v > 0 for almost all materials, and v < j- for a positive bulk modulus. 

E | 

( 0 

Applying the bounds, 2 < — <2 

! + - =3 

G 

V 2 ) 

1 G 1 

Taking the reciprocals, — > — > - 

> 


1 G 1 . 

or 

- < — <— ◄ 


3 E 2 
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PROBLEM 2.91* 

A composite cube with 40-mm sides and the properties shown is 
made with glass polymer fibers aligned in the x direction. The cube 
is constrained against deformations in the y and z directions and is 
subjected to a tensile load of 65 kN in the x direction. Determine 
(a) the change in the length of the cube in the x direction, ( b ) the 
stresses cr x , cr y , and <j z . 

E x = 50 GPa v xz = 0.254 
E= 15.2 GPa v r =0.254 

y x y 

E z =15.2 GPa V ZJ = 0.428 


SOLUTION 

Stress-to-strain equations are 


= 


V z* CT z 


E x E y 

E z 

V TT, 

<J , V XT 

xy x , 

y zy z 

“r 

e y 


X 

y z 

l 

i 

v yz a y <r z 


V V 

xy _ yx 


E 

E 

X 

y 

V, 

v„. 

y z _ 


E v 

E 

y 

z 

v 

V 

zx _ 

xz 


The constraint conditions are 


E z E x 

= 0 and s „ = 0. 


Using (2) and (3) with the constraint conditions gives 


1 v v 

1 zy xy 

a v —°z = “ 

E y y E z E x 

V 1 _ V xz 

E y ay + E z ° z E x ° x 

1 0.428 0.254 „„„ nnnn *,„ 

-a., a = <j v or o', ,-0.428(T, = 0.0772 16cr v 


15.2 7 15.2 

0.428 1 

a v + a z = 

15.2 y 15.2 


50 
0 254 

— a or - 0.428cr + c. = 0.0772 1 6a r 

50 J 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 


(V) 

( 8 ) 
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PROBLEM 2.91* (Continued) 


Solving simultaneously, a y = <j z = 0.134993cr x 


Using (4) and (5) in (1), 




(a) 


E x = — [1 - (0.254)(0. 1 34993) - (0.254)(0. 134993)] <7 X 

E x 

_0.93142cr x 

T x 

A = (40)(40) = 1600 mm 2 = 1600 x 10" 6 m 2 


P 65x10 

<7 r = = 


A 1600x10“ 

(0.93 142 )(40.625xlQ 3 ) 
50xl0 9 


= 40.625 xlO 6 Pa 


: 756.78x10 


-6 


S x =L x s x =(40 mm)(756.78x 10“ 6 ) 


(, b ) a x =40.625 xlO 6 Pa 

cr y =a z = (0.134993)(40.625 xl0 6 ) = 5.48 xlO 6 Pa 


S x = 0.0303 mm A 
cr x =40.6 MPa ◄ 

o-=o- =5.48 MPa ◄ 

/ z 
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PROBLEM 2.92* 

The composite cube of Prob. 2.91 is constrained against deformation in 
the z direction and elongated in the x direction by 0.035 mm due to a 
tensile load in the x direction. Determine (a) the stresses cr x , o y , and <j z 
and Q b ) the change in the dimension in the y direction. 

E x = 50 GPa v xz = 0.254 
E v = 15.2 GPa v =0.254 

y x y 

E z =15.2 GPa Vg, = 0.428 


SOLUTION 


Constraint condition : 
Load condition : 


°> =0 


v y* a y v zx cj z 


E x E y 

1 

1 

1 

E z 

V xv G x 


V zy°z 

b 

E y 

E z 

> 



1 

1 

Ey 

E z 


V V 

xy _ yx 


Er 

E v 

X 

y 

V, 

v„, 

y z 

~ 

E , 

E 

y 

z 

V 

V 

zx 

_ xz 


E, E. 


From Equation (3), 


0 = a +E(j 

E r 


V xz E z 


(0.254)(15.2) 

50 


: 0.0772 16c-,. 


( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 
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PROBLEM 2.92 (Continued) 


From Equation (1) with a = 0, 


1 V z* 1 V xz 

e * = T a *-T a ' = T' J *-T a ' 

^ X ^ z n X n X 

= -^-[<T X - 0.254<t z ] = -^[1 -(0.254X0.0772 16)K 


0.98039 


x 0.98039 

„ S x 0.035 mm „„ 

But s = — = = 875x10 6 

L v 40 mm 


(«) = 


(50x10 9 )(875x10 -6 ) 

0.98039 


= 44.625 xlO J Pa 


cr =44.6 MPa ◄ 


cr y =0 < 


<r z = (0.0772 16)(44.625 x 10 6 ) = 3.446 x 10 6 Pa 


a. = 3.45 MPa ◄ 


From (2), £y =^ ( j x +-^ a y -^< j z 


(0.254X44.625 xlQ 6 ) (0,428X3.446 x 10 6 ) 


50x 10 
= -323.73 xlO -6 

c b ) 8 y = L y s y = (40 mm)( - 323.73 x 10“ 6 ) 


15.2x10 


8„ =-0.0129 mm A 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 





PROBLEM 2.93 

Knowing that, for the plate shown, the allowable stress is 125 MPa, determine 
the maximum allowable value of P when (a) r= 12 mm, ( b)r= 18 mm. 


SOLUTION 


(a) 


■ 12 mm 


60 mm 

■ 0.2 


■ 2.00 


A = (60)05) = 900 mm 2 = 900 x 10“ 6 m 2 
D _ 120 mm 

~d~ 

r 12 mm 
d 60 mm 


From Fig. 2.60b, K = 1.92 <r max = K — 

A 

p = ^ L= (900xl0- 6 )(125xl0^) =58 6xi0 3 N 
K 1.92 


(b) r = 1 8 mm, 


r _ 18 mm 
d 60 mm 


0.30 


From Fig 2.60b, 


K = 1.75 


P = (90° x 10" 6 )(125 x 10 6 ) =64 . 3xlQ 3 N 


K 


1.75 


= 58.3 kN ◄ 


= 64.3 kN ◄ 
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PROBLEM 2.94 

Knowing that P = 38 kN, determine the maximum stress when (a) r = 10 mm, 
(b) r = 16 mm, (c) r = 18 mm. 


SOLUTION 



A = (60)(15) = 900 mm 2 = 900 x 10“ 6 m 2 
D _ 10 mm _ ^ qq 
d 60 mm 


(a) 

^ r 10mm 

r = 10mm — = = 0.1667 

d 60 mm 



From Fig. 2.60b, K = 2.06 cr max = 

A 

^- <2,06)<38Xl « 0l> - 87.0x,0‘P, 

900 xlO -6 

= 87.0 MPa ◄ 

(b) 

, r r 16mm 

r = 16mm — = = 0.2667 

d 60 mm 



From Fig. 2.60b, K = 1.78 



^n..- <178)<38Xl 8 ° 3) =75.2xl0 6 Pa 

900xl0“ 6 

= 75.2 MPa ◄ 

(c) 

10 r 18mm 

r = 18mm, — = = 0.30 

d 60 mm 

From Fig 2.60b, AT = 1.75 



^ = <1 ' 75)(38X '° I> -73.9x,0‘Pa 
900xl0~ 6 

= 73.9 MPa ◄ 
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PROBLEM 2.95 

A hole is to be drilled in the plate at A. The diameters of the 
bits available to drill the hole range from j to 1 V 2 in. in 
j-in. increments. If the allowable stress in the plate is 21 ksi, 
determine (a) the diameter d of the largest bit that can be 
used if the allowable load P at the hole is to exceed that at 
the fillets, ( b ) the corresponding allowable load P. 


SOLUTION 

At the fillets: 
From Fig. 2.60b, 


At the hole: 


with 


— _ 4^875 _ 15 L = ^21 = QA2 
d 3.125 d 3.125 

K = 2.10 


^ = (3.125X0.5) = 1.5625 in 2 


k-^il 


Anin 


'all 


p all = = (L5 ^ )(21) = 15.625 kips 


K 2.10 

A net = (D - 2 r)t, K from Fig. 2.60a 


^max “ K A ~ °"all 

Anet 


_ Aet^al 


d _ ""netball 

a " “ K 


D = 4.6875 in. t = 0.5 in. cr all = 21 ksi 


Hole diam. 

r 

d = D - 2r 

2r/D 

K 

Aet 

P , In 

0.5 in. 

0.25 in. 

4.1875 in. 

0.107 

2.68 

2.0938 in 2 

16.41 kips 

0.75 in. 

0.375 in. 

3.9375 in. 

0.16 

2.58 

1.96875 in 2 

16.02 kips 

1 in. 

0.5 in. 

3.6875 in. 

0.213 

2.49 

1.84375 in 2 

15.55 kips 

1.25 in. 

0.625 in. 

3.4375 in. 

0.267 

2.41 

1.71875 in 2 

14.98 kips 

1.5 in. 

0.75 in. 

3.1875 in. 

0.32 

2.34 

1.59375 in 2 

14.30 kips 


(a) Largest hole with P , Lu > 15.625 kips is the j -in.-diameter hole. M 

(b) Allowable load P dU = 15.63 kips M 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


199 


- m. 



PROBLEM 2.96 

( a ) For P = 13 kips and d - yin., determine the maximum 
stress in the plate shown, (b) Solve part a , assuming that the 
hole at A is not drilled. 


SOLUTION 


Maximum stress at hole: 

Use Fig. 2.60a for values of K. 


2 r 
D 


0.5 


0.017, 


K = 2.68 


4.6875 

= (0.5)(4.6875 - 0.5) = 2.0938 in 2 
P (2.68)(13) 


K- 


A e 


2.0938 


16.64 ksi 


Maximum stress at fillets: 

Use Fig. 2.60b for values of K. 


r 

~d 


^ = 0.12 ^ = ^ = 1.5 

3.125 d 3.125 


4^ = (0.5X3.125) = 1.5625 in 2 
P _ (2.10)(1 3) 


K- 


4nir 


1.5625 


17.47 ksi 


K = 2.10 


(a) With hole and fillets: 

(b) Without hole: 


17.47 ksi A 
17.47 ksi 4 
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PROBLEM 2.97 

Knowing that the hole has a diameter of 9 mm, determine (a) the radius 
rf of the fillets for which the same maximum stress occurs at the hole A 
and at the fillets, ( b ) the corresponding maximum allowable load P if 
the allowable stress is 100 MPa. 


9 mm 


SOLUTION 

For the circular hole, 


From Fig. 2.60a, 


( a ) For fillet, 


- |(9) = 4.5 mm 

. 


2 r 2(4 51 

d = 96 - 9 = 87 mm — = -4—^ = 0.09375 


D 96 


4 et = dt = (0.087 m)(0.009 m) = 783 x 10 “ 6 m 2 


^hoie = 2.72 


^hole-P 


4e 


t<W _ (783 X lQQOO X 10°) = ^ ^ y ^3 N 


K, 


hole 


2.72 


D = 96 mm, d = 60 mm 
D 96 


d 60 


= 1.60 


A, mn = dt = (0.060 m)(0.009 m) = 540 x 10 “ 6 m 2 
T _ ^fillet P . y _ 4nin<W _ (5-40 X 10 6 )(100 X 10 6 ) 


^mii 


L fillet 


28.787 x 10 


1.876 


From Fig. 2.60b, 


-2- » 0.19 

d 


0A9d = 0.19(60) 


ty =11.4 mm -A 


(b) P = 28.8 kN ◄ 
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PROBLEM 2.98 

For P = 100 kN, determine the minimum plate thickness t required if the 
allowable stress is 125 MPa. 


SOLUTION 


At the hole: 

r A = 20 mm d A = 88 - 40 = 48 mm 


^ = 2(20) = 0.455 
D a 88 

From Fig. 2.60a, 

K = 2.20 


KP KP KP 

^max ~ A ~ j . •’ ^ 7 

^net d A <7 mSLX 


(2.20)(100 x 10 3 N) 3 

t = — — — = 36.7 x 10 3 m = 36.7 mm 

(0.048 m)( 125 xlO 6 Pa) 

At the fillet: 

D = 88 mm, d R = 64 mm = — = 1.375 

B d B 64 

r R = 15 mm — = — = 0.2344 

B d B 64 

From Fig. 2.60b, 

K = 1.70 


KP KP 

^"max ~ j ~ r 

Anin & B * 


KP (1.70)(100 x 10 3 N) „ 

t= = v /v ' = 21.25 x 10 J m = 21.25 mm 

d B o max (0.064 m)(125 x 10 6 Pa) 

The larger value is 

the required minimum plate thickness. 


t = 36.7 mm A 
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PROBLEM 2.99 

(a) Knowing that the allowable stress is 20 ksi, determine the maximum 
allowable magnitude of the centric load P. (b) Determine the percent 
change in the maximum allowable magnitude of P if the raised portions 
are removed at the ends of the specimen. 


SOLUTION 


From Fig. 2.60b, 

A min =td = ( 0.625)(2) = 1.25 in 2 

(a) <T =-^- p= A * in(7 max (1-25X20) =12 0192 kips P = 12.02 kips ◄ 

Anin K 2.08 

(b) Without raised section, K = 1 .00 

P = Amn^max = (l-25)(20) = 25 kips 
( 25-12 02 

% change = — x 1 00% = 1 08.0% ◄ 

1 12.02 ) 


r 

~d 


0.250 


: 0.125 


K= 2.08 
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SOLUTION 


At the hole: r = 0.5 in. d = 5 - 1 = 4 in. 

— = _ Q 2 From Fig. 2.60a, ^ = 2.51 

d 5 

Aet =td = (0.75)(4) = 3 in 2 

- KP 

^"max . 

Aiet 

P = Aet^max = (3)(20) = ^ g 
K 2.51 

At the fillet: D = 6.5 in., d = 5 in., — = = 1.3 

d 5 

r 0 5 

r = 0.5 in. - = — = 0.1 

d 5 

From Fig. 2.60b, K = 2.04 
A in =td = (0.75)(5) = 3.75 in 2 

_ ^ 

^max — > 

Anin 

p= Ain^max = (3.75)(20) = ^ § 

A 2.04 

Smaller value for P controls. 


P = 23.9 kips ◄ 
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PROBLEM 2.101 

The cylindrical rod AB has a length L = 5 ft and a 0.75-in. diameter; it is made of a mild steel 
that is assumed to be elastoplastic with E = 29 x 10 6 psi and oy = 36 ksi . A force P is applied 
to the bar and then removed to give it a permanent set 8 P . Determine the maximum value of 
the force P and the maximum amount S m by which the bar should be stretched if the desired 
value of S P is (a) 0.1 in., (b) 0.2 in. 



SOLUTION 


A = —d 2 = — (0.75) 2 = 0.44179 in 2 
4 4 

S„ = Ls 


L- 5 ft = 60 in. 


L<j y _ (60)(36xl0 3 ) 


29x10 


= 0.074483 in. 


When S m exceeds S Y , thus causing permanent stretch S p9 the maximum force is 
p m =A<j y = (0.44179)(36x 10 3 ) = 15.9043 xlO 3 lb 

P = 15.90 kips ^ 



1 

, s 
II 

Cl 

= S m -S Y so that S m = S p + Sy 


(a) 

S p =0.1 in. 

S m =0.1 + 0.074483 = 0.1745 in. 

◄ 

(b) 

S p = 0.2 in. 

8 m = 0.2 + 0.074483 = 0.274 in. 

◄ 
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PROBLEM 2.102 

The cylindrical rod AB has a length L = 6 ft and a 1 .25-in. diameter; it is made of a mild steel 
that is assumed to be elastoplastic with E - 29 x 10 6 psi and cr Y = 36ksi . A force P is 
applied to the bar until end A has moved down by an amount S m . Determine the maximum 
value of the force P and the permanent set of the bar after the force has been removed, 
knowing (a) S m = 0.125 in., ( b ) S m = 0.250 in. 


SOLUTION 


A =—d 2 =— (1.25) 2 = 1.22718 in : 
4 4 

Sy =Ls y - L(Ty _( 72 X36x10 3 )_ 


L = 6 ft = 72 in. 
0.089379 in. 


E 29x10 
If 8 m > S Y , P m = A<j y = (1.22718)(36 x 10 3 ) 

= 44.179xl0 3 lb = 44.2 kips 


{a) S m = 0.125 in. >S Y so that P m = 44.2 kips 

s' = = = ^ - 0.089379 

JE 1 E 

S p = S m -8' = 0.125-0.089379 = 0.356 in. 

(b) 8 m = 0.250 in. >S Y so that P m = 44.2 kips 

8' = 8 V 


◄ 

◄ 


8 p =8 m - S' = 0.250 - 0.089379 = 0. 1606 in. 
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PROBLEM 2.103 

Rod AB is made of a mild steel that is assumed to be elastoplastic 
with E = 200 GPa and cr Y = 345 MPa . After the rod has been 
attached to the rigid lever CD, it is found that end C is 6 mm too 
high. A vertical force Q is then applied at C until this point has 
moved to position C ’ . Determine the required magnitude of Q and 
the deflection 8 X if the lever is to snap back to a horizontal position 
after Q is removed. 


SOLUTION 


A ab = ~(9) 2 =63.617 mm 2 = 63.617 xlO -6 m 2 


Since rod AB is to be stretched permanently, 

= Aa B ct y =(63.617 X 10^(345 xlO 6 ) 
= 21.948 x10 3 N 


+)ZM d = 0: 1.10 - 0.7 F ab = 0 


2max = yy (2 1.948 X 10 3 ) = 13.9669 x 10“ 3 N 


13.97 kN ◄ 


cv _ (TiB ) ma x ^AB 
° AB ~ 


EA 


AB 


(21.948x10 )(1 .25) 
(200 xlO 9 )(63.617 xlO -6 ) 


: 2.15625 x 10 m 


e 

(9' = ^^ = 3.0804x10 3 rad 
0.7 

S l = 1.1(9' = 3.39 xl0“ 3 m 3.39 mm ◄ 
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PROBLEM 2.104 

Solve Prob. 2.103, assuming that the yield point of the mild steel is 
250 MPa. 

PROBLEM 2.103 Rod AB is made of a mild steel that is assumed to 
be elastoplastic with E = 200 GPa and a Y = 345 MPa . After the rod 
has been attached to the rigid lever CD , it is found that end C is 6 mm 
too high. A vertical force Q is then applied at C until this point has 
moved to position C . Determine the required magnitude of Q and 
the deflection 8 X if the lever is to snap back to a horizontal position 
after Q is removed. 


SOLUTION 


A ab = y (9) 2 = 63.617 mm 2 = 63.617 x 10~ 6 m 2 

Since rod AB is to be stretched permanently, 

(Fab)^ = 4ab°y = (63.617 x 1(T 6 )(250 x 10 6 ) 

= 15.9043 x10 3 N 

+)ZM d = 0: 1.10 - 0.7 F ab = 0 

2max = yy (15.9043 x 10 3 ) = 10.12 x 10 3 N 10.12 kN ◄ 


?r _ (^AB )max ^ AB 
° AB 


EA 


AE 


(15.9043 xlQ 3 )(1.25) =1 5625x1Q -3 

(200x10 9 )(63.617x10 -6 ) 


m 


O' = Iab_ = 2.2321 xio^ 3 rad 
0.7 

8 X = 1.1(9' = 2.46 xl0“ 3 m 2.46 mm ◄ 
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1.2 m 


40-mm 

diameter 


0.8 m 


30-mm 

diameter 



PROBLEM 2.105 

Rod ABC consists of two cylindrical portions AB and BC ; it is made of a mild 
steel that is assumed to be elastoplastic with E = 200 GPa and cy = 250 MPa. 
A force P is applied to the rod and then removed to give it a permanent set 
S p = 2 mm. Determine the maximum value of the force P and the maximum 
amount 8 m by which the rod should be stretched to give it the desired permanent 
set. 


SOLUTION 


A ab = ^(30 ) 2 = 706.86 mm 2 = 706.86 x 10~ 6 m 2 

A bc = -^(40) 2 = 1. 25664 xlO 3 mm 2 = 1 .25664 x 10“ 3 m 2 
P max =A min o- y = (706.86 xl0~ 6 )(250xl0 6 ) = l 76.715 xl0 3 N 

^ax =176.7 kN ◄ 

_ PE AB | P’Lbc _ (176.715 x 10 3 )(0.8) | (176.7 1 5 x 10 3 )(1, 2) 

~ EA ab EA bc - (200x10 9 )(706.86x10 -6 ) (200x10 9 )(1.25664x10 3 ) 

= 1.84375 x 10 -3 m = 1.84375 mm 

S p =S m -S' or 8 m =S p +5' = 2 + \M115 5 m =3.84 mm ◄ 
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1.2 m 


40-mm 

diameter 


0.8 m 


30-mm 

diameter 



PROBLEM 2.106 

Rod ABC consists of two cylindrical portions AB and BC ; it is made of a mild 
steel that is assumed to be elastoplastic with E - 200 GPa and <j y = 250 MPa. 
A force P is applied to the rod until its end A has moved down by an amount 
8 m = 5 mm. Determine the maximum value of the force P and the permanent 
set of the rod after the force has been removed. 


SOLUTION 

A ab = j(30) 2 = 706.86 mm 2 = 706.86 x 10“ 6 m 2 

A bc = -^(40) 2 = 1.25664 xlO 3 mm 2 = 1.25644 xl0“ 3 m 2 
P max = ^minO'F = (706.86 X 10^ 6 )(250 X 10 6 ) = 176.715 X 10 3 N 

P max =176.7 kN ◄ 

, P^B | FLgc (176.715 x 10 3 )(0.8) | (176.715 xlQ 3 )(1.2) 

- EA ab EA bc - (200x1 0 9 )(706.68 x10 -6 ) (200x10 9 )(1.25664x10 3 ) 

= 1.84375 xl0 _3 m = 1.84375 mm 

S p =8 m -£' = 5-1.84375 = 3.16 mm S p =3.16 mm ◄ 
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PROBLEM 2.107 

Rod AB consists of two cylindrical portions AC and BC , each with a cross-sectional 
area of 1750 mm 2 . Portion AC is made of a mild steel with J E' = 200 GPa and 
<j y = 250 MPa, and portion CB is made of a high-strength steel with E = 200 GPa 
and <j y = 345 MPa. A load P is applied at C as shown. Assuming both steels to be 
elastoplastic, determine (a) the maximum deflection of C if P is gradually increased 
from zero to 975 kN and then reduced back to zero, ( b ) the maximum stress in each 
portion of the rod, (c) the permanent deflection of C. 


SOLUTION 

Displacement at C to cause yielding of AC . 

_ Lac^y^c _ (0.190)(250xl0 6 ) 


J C,Y 


: ^ AC S Y,AC 


200 xW 


: 0.2375 xl0“ 3 m 


Corresponding force . 


AC 

_ EAS C 

P CB ~ 


F ac = ,4o> = (1750 x10“ 6 )(250 x 10 6 ) = 437.5 x 10 3 N 


U CB 


J Y,AC 

(200 x 1 Q 9 )(1 750 x 1 Q~ 6 )(Q,23 75 x 1 0~ 3 ) 137 5::1Q 3 N 

0.190 


For equilibrium of element at C, 

Fac ~ (Fcb + Fy ) = 0 
Since applied load P = 975 x 10 3 N > 875 x 10 3 N, portion AC yields. 


Py = F AC ~ F C b = 875 x l O N 


(a) 


f cb = F ac - P = 437.5 x 10 3 - 975 xl0 3 N = -537.5 xl0 3 N 


CjAcd 

EA 


(53 7.5 x 10 3 )(0.190) 
(200 x 1 0 9 )(1 750 x 1 0 -6 ) 


= 0.29179 xl0“ 3 m 


(b) Maximum stresses : cr 


AC 


J BC 


■■ cj y ,ac - 250 MPa 


- BC 


537.5x10 


A 1750x10“ 
(c) Deflection and forces for unloading . 


-307.14xl0 6 Pa = -307 MPa 


fit _ Pac^ac 


EA 


P' T 

r CB^CB 

EA 


P' = 975xl0 3 - P f AC ~P(jb 


r> f — ~D f ^ AC _ u f 
* * r CB ~ r AC j — r AC 
L AB 

= 2 P' AC P' AC =487.5 x10 _3 N 


S'- 


(487.5 xl0 3 )(0. 190) lrt3 

v A ’ - 0.26464 xl0 3 m 


(200 xl0 9 )(l 750x1 O' 6 ) 


s p = s m - S' = 0.29 1 79 X 1 0“ 3 - 0.26464 x 1 0" 3 
= 0.02715 xl0" 3 m 


1 




0.292 mm ◄ 
250 MPa ◄ 

-307 MPa ◄ 


0.0272 mm ◄ 
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190 mm 


190 mm 




PROBLEM 2.108 

For the composite rod of Prob. 2.107, if P is gradually increased from zero until the 
deflection of point C reaches a maximum value of 8 m = 0.3 mm and then decreased 
back to zero, determine ( a ) the maximum value of P, ( b ) the maximum stress in each 
portion of the rod, (c) the permanent deflection of C after the load is removed. 

PROBLEM 2.107 Rod AB consists of two cylindrical portions AC and BC , each with a 
cross-sectional area of 1750 mm 2 . Portion AC is made of a mild steel with E = 200 GPa 
and g y = 250 MPa, and portion CB is made of a high-strength steel with E = 200 GPa 
and g y = 345 MPa. A load P is applied at C as shown. Assuming both steels to be 
elastoplastic, determine (a) the maximum deflection of C if P is gradually increased 
from zero to 975 kN and then reduced back to zero, ( b ) the maximum stress in each 
portion of the rod, (c) the permanent deflection of C. 


SOLUTION 

Displacement at C is 8 m = 0.30 mm. The corresponding strains are 


Strains at initial yielding: 




£ ac 


0.3° lnm . _ | 5789 x 10 -3 


L ac 190 mm 


8 „ 


S CB ~ 


U CB 


-1.5789*10-= 

190 mill 


-Y,AC 


j y,cb 


ry,AC_ 2 50x10 ^ L25x1Q -3 


'Y, BC 


200x10 
345 xlQ 6 
200 xlO 9 


(yielding) 


-1.725x10 


,-3 


(elastic) 


(a) Forces : F AC = A<j y = (1750 xl0 _6 )(250xl0 6 ) = 437.5 xl0 “ 3 N 

- 6 \ 


F cb =EAs cb =(200x1 0 y )(l 750x1 0"°)(-l. 5789x1 0“ J ) = -552.6 xl0“ 3 N 
For equilibrium of element at C, Fac F cb P - 0 

P = F ac - F cd = 437.5 x 10 3 + 552.6 x 10 3 = 990.1 x 10 3 N 


(b) Stresses : AC : g ac = g y ac 
CB: <j cb = = 


552.6x10 


,3 


1750x10 


.-6 


-316xl0 b Pa 


990 kN ◄ 
250 MPa ◄ 

-316 MPa ◄ 
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2 m 


PROBLEM 2.109 

Each cable has a cross-sectional area of 100 mm 2 and is made of an 
elastoplastic material for which cr Y = 345 MPa and E = 200 GPa. A force 
Q is applied at C to the rigid bar ABC and is gradually increased from 0 to 
50 kN and then reduced to zero. Knowing that the cables were initially taut, 
determine (< a ) the maximum stress that occurs in cable BD , (b) the 
maximum deflection of point C, (c) the final displacement of point C. 
(Hint: In part c, cable CE is not taut.) 


-1 m- 


-lm 


SOLUTION 

Elongation constraints for taut cables . 

Let 6 = rotation angle of rigid bar ABC. 


Equilibrium of bar ABC . 


q _ &BD _ $CE 


^ab L ac 


s- - —ALj) -—A 
J BD ~ T °CE ~ ^ °CE 

l ac 1 


( 1 ) 


R, 


■l H 


s 


A C . 

'c & 

c 

/ 




+)3A a - 0 : L ab F bd + L ac F ce L ac Q - 0 


Q = f C e + t ul f bd = f ce + \f bd 
l ac z 


( 2 ) 


Assume cable CE is yielded. F CE = Ag y = (100x10 6 )(345x 10°) = 34.5 x 10 J N 


From (2), 


F bd = 2(Q - F ce ) = (2)(50 x 1 0 3 -34.5xl0 3 ) = 31.0xl0 3 N 


Since F BD < A<j y - 34.5 x 10 3 N, cable BD is elastic when Q = 50 kN. 
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PROBLEM 2.110 

Solve Prob. 2.109, assuming that the cables are replaced by rods of the 
same cross-sectional area and material. Further assume that the rods are 
braced so that they can carry compressive forces. 

PROBLEM 2.109 Each cable has a cross-sectional area of 100 mm 2 
and is made of an elastoplastic material for which o Y = 345 MPa and 
E - 200 GPa. A force Q is applied at C to the rigid bar ABC and is 
gradually increased from 0 to 50 kN and then reduced to zero. Knowing 
that the cables were initially taut, determine (< a ) the maximum stress 
that occurs in cable BD , ( b ) the maximum deflection of point C, (c) the 
final displacement of point C. (Hint: In part c , cable CE is not taut.) 


SOLUTION 

Elongation constraints . 

Let 6 = rotation angle of rigid bar ABC. 

Q = ^ BC = ^ CE 
^ab L ac 

$BD - $CE - ~ &CE ( 1 ) 

l ac ^ 

Equilibrium of bar ABC . 


R 



A 




6d 


^ f - 




s 




/ Q. 


+' ) M A - L ab F bd + l ac f ce L ac Q - 0 

Q = F C e+^F bd =Fce+\f bd 
l ac z 

Assume cable CE is yielded. F CE = Aa Y = (100 x 10“ 6 )(345 x 10 6 ) = 34.5 x 10 3 N 
From (2), F BD = 2 (Q -F CE ) = (2)(50 x 1 0 3 - 34.5 x 1 0 3 ) = 3 1 .0 x 1 0 3 N 

Since F BD < Ag y = 34.5 x 10 3 N, cable BD is elastic when Q = 5 0 kN. 


( 2 ) 
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PROBLEM 2.111 

Two tempered-steel bars, each in. thick, are bonded to a y-in. mild-steel 
bar. This composite bar is subjected as shown to a centric axial load of 
magnitude P. Both steels are elastoplastic with £ = 29 x 1 0 6 psi and with 
yield strengths equal to 100 ksi and 50 ksi, respectively, for the tempered 
and mild steel. The load P is gradually increased from zero until the 
deformation of the bar reaches a maximum value 8 m = 0.04 in. and then 
decreased back to zero. Determine (a) the maximum value of P 9 ( b ) the 
maximum stress in the tempered-steel bars, (c) the permanent set after the 
load is removed. 


SOLUTION 


For the mild steel, A x = 


r i a 




(2) = 1.00 in 2 


04X50x10*) =QQ24138in 
E 29xl0 6 


A 22 A 


For the tempered steel, A 1 -2 — (2) = 0.75 in 

U6y 


A= (14X100x10^) =Q048276 . n 
E 29xl0 3 


Total area: A = A x + A 2 = 1 .75 in 2 

S YX <8 m < S Y2 . The mild steel yields. Tempered steel is elastic. 

(a) Forces : P x = A 1 cr n = (1.00)(50xl0 3 ) = 50 x 10 3 lb 

= EjA = (29x10^(0.75X0.04) =t , 214xl0i|b 
2 L 14 

P = P l+ P 2 =112.14xl0 3 lb = 112.1 kips 


p 

(i b ) Stresses : <r 1 = — = a n = 50 x 10 3 psi = 50 ksi 

A 


P 62.14xlO J 


a 2 = — = 

2 A 2 0.75 


= 82.86 x 10 3 psi = 82.86 ksi 


Unloading : 8 : 


,_EE_ (112.14x10 3 )(14) 
EA~ (29x10 6 )(1.75) 


: 0.03094 in. 


(c) Permanent set : 8 p = 8 m - S' = 0.04 - 0.03094 = 0.00906 in. 


P = 1 12.1 kips ◄ 


82.86 ksi ◄ 


0.00906 in. ◄ 
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PROBLEM 2.112 

For the composite bar of Prob. 2.1 1 1, if P is gradually increased from zero 
to 98 kips and then decreased back to zero, determine (a) the maximum 
deformation of the bar, ( b ) the maximum stress in the tempered-steel bars, 
(c) the permanent set after the load is removed. 

PROBLEM 2.111 Two tempered-steel bars, each yj- in. thick, are bonded to 
a y-in. mild-steel bar. This composite bar is subjected as shown to a centric 
axial load of magnitude P. Both steels are elastoplastic with £ = 29 x 10 6 psi 
and with yield strengths equal to 100 ksi and 50 ksi, respectively, for the 
tempered and mild steel. The load P is gradually increased from zero until 
the deformation of the bar reaches a maximum value S m = 0.04 in. and 
then decreased back to zero. Determine (a) the maximum value of P, ( b ) the 
maximum stress in the tempered-steel bars, (c) the permanent set after the 
load is removed. 


SOLUTION 


Areas: Mild steel: 

Tempered steel: 

Total: 

Total force to yield the mild steel: 




(2) = 1.00 in 2 




Ay =2 


16 


(2) = 0.75 in 2 


A = A l +A 2 =1.75 in 2 


71 


P Y =Aa n =(1.75)(50xl0 3 ) = 87.50xl0 3 lb 


P>P Y , therefore, mild steel yields. 

Let P l = force carried by mild steel. 

P 2 = force carried by tempered steel. 

p x =A 1 a l =(1.00)(50xl0 3 ) = 50xl0 3 lb 


P X +P 2 =P, P 2 =P-P X =98xl0 3 - 50x 10 3 = 48x 10 3 lb 


(*) = 


P^L _ (48xlQ 3 )(14) 
EA 2 ~ (29xl0 6 )(0.75) 


(b) cr 2 = — = 


P, 48x10 


= 64xl0 3 psi 


Unloading : 8' = — = 


, PL (98xl0 3 )(14) 


EA (29xlO b )(1.75) 


= 0.02703 in. 


(c) S P =8 m -S' = 0.03090 - 0.02703 = 0.003870 in. 


0.0309 in. ◄ 
64.0 ksi A 

0.00387 in. ◄ 
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PROBLEM 2.113 

The rigid bar ABC is supported by two links, AD and BE , of uniform 
37.5 x 6-mm rectangular cross section and made of a mild steel that is 
assumed to be elastoplastic with E = 200 GPa and cr Y = 250 MPa. 
The magnitude of the force Q applied at B is gradually increased 
from zero to 260 kN. Knowing that a - 0.640 m, determine {a) the 
value of the normal stress in each link, ( b ) the maximum deflection 
of point B. 


SOLUTION 


Statics: 


ZM C = 0 : 0.640(2 -P BE )- 2MP ad = 0 


Deformation : S A = 2.64 0, S B -a0- 0.6400 


Elastic analysis : 


A = (37.5X6) = 225 mm 2 = 225 x 10" 6 m 2 
P AD = *Ls a - (20 °xl0 9 X225xl0- 6 )^ = 26 47 x ^ 


L 


'AD 


1.7 


= (26.47 x 10 6 )(2.646>) = 69.88 x 10 6 6» 

a AD =^- = 310.6x10 9 6> 

A 

= = (200 x ! Q 9 )(225 x 1 0~ 6 ) = 45 x 1()6 

BE L be b 1.0 B B 


= (45 X 10 6 )(0.6406>) = 28.80 x 10 6 (9 


a BE =-®^ = 128xl0 9 6> 
A 



2.64 

From statics, Q = P BE +——-P A d = p be + 4 - i25/5 id 
0.640 

= [28.80 x 10 6 + (4. 125)(69.88 x 10 6 )](9 = 3 17.06 x 10 6 (9 
0 Y at yielding of link AD: <r AD =<j y = 250 x 10 6 = 310.6xl0 9 ^ 

0 Y =804.89 xlO -6 

Q y = (3 1 7.06 x 1 0 6 )(804. 89 x 1 0" 6 ) = 255 .2 x 1 0 3 N 
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D 


1.7 m 


1 m 



2.64 m 


PROBLEM 2.114 

Solve Prob. 2.1 13, knowing that a = 1.76 m and that the magnitude of 
the force Q applied at B is gradually increased from zero to 135 kN. 

PROBLEM 2.113 The rigid bar ABC is supported by two links, AD 
and BE , of uniform 37.5 x 6-mm rectangular cross section and made 
of a mild steel that is assumed to be elastoplastic with E = 200 GPa 
and <j y = 250 MPa. The magnitude of the force Q applied at B is 
gradually increased from zero to 260 kN. Knowing that a = 0.640 m, 
determine (a) the value of the normal stress in each link, ( b ) the 
maximum deflection of point B. 


SOLUTION 

Statics : ZM C = 0: 1.76(0 - P BE ) ~ 2.64P AD = 0 

Deformation : S A = 2.640, S B =1.7 69 

Elastic Analysis : 

A = (37.5X6) = 225 mm 2 = 225 x 10" 6 m 2 


[ AD 


EA_ = (200x10^(225x10-^) 647><1 


L 


'AD 


1.7 


= (26.47 x 10 6 )(2.64<9) = 69.88 x 10 6 <9 

a AD =^- = 310.6x10 9 6> 

A 

P BE =^-S B = ( 2 00 X 1 0 9 X225 x 1 0~ 6 ) =45x10 ^ b 


-‘BE 


1.0 


= (45 X 10 6 )(1.76(9) = 79.2 x 10 6 (9 


<t be =-^ = 352x10 9 6> 


From statics, 0 = + 


2.64 

L76 


Pad ~ Pbe + 1 •50()/ , l/) 


= [73.8 x 10 6 + (1.500)(69.88 x 10 6 )]<9 = 178.62 x 10 6 (9 



0 Y at yielding of link BE: 


a BE = cr y = 250 x 10 6 = 352 x 10 9 (9 y 


0 Y =710.23x10 


-6 


0 y = (1 78.62 x 1 0° )(7 1 0.23 x 1 0 -6 ) = 1 26.86 x 1 0 J N 


(a) Since 2 = 135x1 0 3 N > 0 y , link BE yields. 


BE 


: <j y = 250 MPa ◄ 


P be =Ac t y = (225 x10“ 6 X250x 10°) = 56.25 xlO'N 
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PROBLEM 2.114 (Continued) 


From statics, P AD 


1 (Q-Pbe) = 52-5 x 10 3 N 


1.500 


= = 2333 x10 s 


A 225x10 

P 


1 AD 


From elastic analysis of AD, 6= , 

69.88 xlO 6 


= 751.29x10 3 rad 


(b) 


S B =1.760 = 1.322 xl0“ 3 m 


cr^ = 233 MPa ◄ 


=1.322 mm f A 
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PROBLEM 2.115* 



Solve Prob. 2.113, assuming that the magnitude of the force Q 
applied at B is gradually increased from zero to 260 kN and then 
decreased back to zero. Knowing that a = 0.640 m, determine (a) the 
residual stress in each link, ( b ) the final deflection of point B. 
Assume that the links are braced so that they can carry compressive 
forces without buckling. 

PROBLEM 2.113 The rigid bar ABC is supported by two links, AD 
and BE , of uniform 37.5 x 6-mm rectangular cross section and made 
of a mild steel that is assumed to be elastoplastic with E = 200 GPa 
and <j y = 250 MPa. The magnitude of the force Q applied at B is 
gradually increased from zero to 260 kN. Knowing that 
a = 0.640 m, determine {a) the value of the normal stress in each 
link, ( b ) the maximum deflection of point B. 


SOLUTION 


See solution to Problem 2.1 13 for the normal stresses in each link and the deflection of Point B after loading. 

a AD =250xl0 6 Pa 
a BE = 124.3 x 10 6 Pa 
S B = 621.53 xl0" 6 m 


The elastic analysis given in the solution to Problem 2.1 13 applies to the unloading. 
Q' = 317.06x10 6 <9' 


Q' = 


260x10 


317.06X10 6 317.06xl0 9 


: 3 10.6 X 10 y 6> = (3 10.6 X 10 9 )(820.03 x 10“°) = 254.70 x 10° Pa 

: 128 X 10 9 6> = (128 X 10 9 )(820.03 x 10~ 6 ) = 104.96 x 10 6 Pa 

~>- 6 . 


■ = 820.03 xl0~ 


AD 


'BE 


S f B = 0.640(9' = 524.82 x l(T b m 


( a ) Residual stresses . 

C7 ad, ks = ( 7 ad- (7 'ad = 250 xio 6 - 254.70 xio -6 =-4.70xl0 6 Pa 
a BE< res = a BE - <j' be = 1 24.3 x 1 0 6 - 1 04.96 x 1 0 6 = 1 9.34 x 1 0 6 Pa 
(, b ) S BP =S B -S' B = 62 1 .53 x 1 0 -6 - 524.82 x 10“ 6 = 96.7 1 x 1 0 -6 m 


= -4.70 MPa ◄ 
= 19.34 MPa ◄ 
= 0.0967 mm A 
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PROBLEM 2.116 

A B 

A uniform steel rod of cross-sectional area A is attached to rigid supports and is 
unstressed at a temperature of 45°F. The steel is assumed to be elastoplastic 
with ct y =36 ksi and E = 29xl0 6 psi. Knowing that a = 6.5 x 10 _6 /°F, 

L ^ determine the stress in the bar (a) when the temperature is raised to 320°F, 

(b) after the temperature has returned to 45°F. 


SOLUTION 



Let P be the compressive force in the rod. 
Determine temperature change to cause yielding. 



8= PL +La(AT)= ayL +La(AT) r =0 
AE E Y 

(AT) Y = ay = 3 ^ Xl ° =190.98°F 

Ea (29x10 6 )(6.5x10~ 6 ) 


But AT = 320-45 = 

275°F > (A T r ) 


{a) Yielding occurs. 

<j = -<j y = -36.0 ksi 4 

Cooling: 

(AT)' = 275°F 

P'j 

S' = S' P =S' T = + La(AT)' = 0 

P T AE 



<r' = L = -Ea(AT)' 



= -(29 x 10 6 )(6.5 x 10" 6 )(275) = -5 1.83 75 x 10 3 psi 


(b) Residual stress: 

<r re s -~(J Y — <J f = -36 x 10 3 +51.8375xl0 3 =15.84xl0psi 

15.84 ksi 4 
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A = 500 mm 2 A= 300 mm 2 


150 mm - 


-250 mm - 


PROBLEM 2.117 

The steel rod ABC is attached to rigid supports and is unstressed 
at a temperature of 25°C. The steel is assumed elastoplastic, with 
E = 200 GPa and cr y = 250 MPa. The temperature of both 
portions of the rod is then raised to 150°C. Knowing that 
a = 11.7xlO“ 6 /°C, determine (a) the stress in both portions of the 
rod, (b) the deflection of point C. 


SOLUTION 


A ac =5 00xl0 -6 m 2 
A cb = 300xl0“ 6 m 2 


L ac = 0.150 m 
L cb = 0.250 m 


Constraint: 


Sp + Sp — 0 


Determine AT to cause yielding in portion CB. 


j^~^ = L AB a(AT) 


A 


B 


AC 

r , f 


AT ■■ 


L AB Ea 


^ac + Lcb 


A AC 


T 


XB J 


At yielding, P = P Y = A CB a Y = (300 x 10“ 6 )(2.50x 10°) = 75 x 10 J N 


(AT), 


L AB Ea 


T j ^ 

^ ac + ^ CB 


\ a ac 


A 

75x10 


CB J 
3 


(0.400)(200 x 10 9 )(1 1.7 x 10 -6 ) 


0.150 


- + 


Actual AT : 

Yielding occurs . For AT > (A T) Y , 


v500x 10“ 
150°C - 25 °C = 125°C > (A T) Y 
p = p v =75xl0 3 N 


0.250 

300 x 10 -6 j 


■ 90.8 12°C 


(a) 


a AC ~ 


75x10 =-150xl0 -6 Pa 


*AC 


500x10 


-6 


- = -a v 


A 

^ CB 

C b ) For AT > (A T) y , portion AC remains elastic. 

&C/A ~ ^ 7 + L A c a (AT) 


<j ac — —150.0 MPa ◄ 
cr CB = -250 MPa 4 


EA 


L AC 

(75xl0 3 )(0.150) +(0 . 15 0)(n . 7xl 0- 6 )( 1 25) = 106.9x 10 - 6 m 

1 ^ ^ 


(200 x 1 0 9 )(500 x 1 0“° ) 

Since Point A is stationary, 8 C = S c/A = 1 06.9 x 1 0 6 m 


S r = 0.1069 mm - 
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PROBLEM 2.118* 


A = 500 mm 2 A= 300mm 2 


A \ C 


\ 

B 


1 — 1 





-< — 150 mm — j- 


250 mm — 



Solve Prob. 2.1 17, assuming that the temperature of the rod is raised to 
150°C and then returned to 25°C. 

PROBLEM 2.117 The steel rod ABC is attached to rigid supports and is 
unstressed at a temperature of 25°C. The steel is assumed elastoplastic, 
with E = 200 GPa and <j y = 250 MPa. The temperature of both portions 
of the rod is then raised to 150°C. Knowing that a = 11.7xKT 6 /°C, 
determine (< a ) the stress in both portions of the rod, ( b ) the deflection 
of point C. 


SOLUTION 


Constraint: 


A ac =500x1 0“ 6 m 2 

Sp + Sp — 0 


L ac = 0.150 m 


A cb =300x10 6 m 2 


Determine AT to cause yielding in portion CB. 

PL AC PL cb __ LaMAT) 


A 


EA 


AC PA cb 

AT - 


V 


L AB Ea 


f l L ^ 

^ac | ^CB 
y^-Ac A cb j 

i rfi 


At yielding, P = P Y = A cb ct y =(300x1 0 _t, )(250x 10°) = 75x1 0 3 N 
(A T) y 


L cb = 0.250 m 


Py 

( L L ^ 

^AC , ^CB 

75 x 10 3 

( 0.150 0.250 1 

L AB Ea 

k A A c A cb y 

~~ (0.400)(200x 10 9 )(1 1.7 x 10 -6 ) 

boOxlO -6 300 xlO -6 J 


= 90.812 °C 

Actual AT: 150°C-25°C = 125°C>(A T) Y 


P = P V = 75 x 10 N 


?'■ 


Yielding occurs . For AT > (A T) y , 

Cooling: 

(AT)' = 125°C P' = E^ AO' = ( 2 00x 10 9 )(0.400)(1 1,7 x 10~ 6 )(125) = 1Q3 235 x iq 3 n 


( Gc _|_ l cb [ 

Ttc A:b ) 


500x10“° 300x10“' 

3 '7c„ia3 


Residual force: P Yes = P'-P Y =103.235 xlO 3 -75x10* = 28.235xlO J N (tension) 


8 


v 


8 


P' 
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PROBLEM 2.118* (Continued) 


(a) Residual stresses . 


P res 28.235 xlQ 3 
A ac ~ 500 x 10“ 6 

P res 28.235 xlQ 3 
A cb ~ 300 xlO -6 


(b) 


Permanent deflection of point C . 8 C 


^res Lac 

EA A c 


cr ac ~ 56.5 MPa 4 
o CB =9.41 MPa ◄ 
8 C = 0.0424 mm — » A 
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PROBLEM 2.119* 

For the composite bar of Prob. 2.1 1 1, determine the residual stresses in 
the tempered-steel bars if P is gradually increased from zero to 
98 kips and then decreased back to zero. 

PROBLEM 2.111 Two tempered-steel bars, each ^in. thick, are 
bonded to a y-in. mild-steel bar. This composite bar is subjected as 
shown to a centric axial load of magnitude P. Both steels are 
elastoplastic with £' = 29xl0 6 psi and with yield strengths equal to 
100 ksi and 50 ksi, respectively, for the tempered and mild steel. The 
load P is gradually increased from zero until the deformation of the bar 
reaches a maximum value 8 m = 0.04 in. and then decreased back to 
zero. Determine (a) the maximum value of P, ( b ) the maximum stress 
in the tempered-steel bars, (c) the permanent set after the load is 
removed. 


SOLUTION 


Areas. 


Mild steel: A, 


^|(2) = 1.00 in 2 


f * \ 


Tempered steel: A 2 = (2) — (2) = 0.75 in 


V 1 6 y 

2 


Total: A = A x + A 2 =1.75 in 

p 

Total force to yield the mild steel: <j yx =— P Y = Acr ri = (1.75)(50xl0 3 ) = 87.50 xlO 3 lb 


P > P Y \ therefore, mild steel yields. 

Let P x = force carried by mild steel 

P 2 = force carried by tempered steel 

P l =A l a n = (1 .00)(50 x 1 0 3 ) = 50 x 1 0 3 lb 

P x +P 2 =P, P 2 =P~P X =98xl0 3 -50xl0 3 =48xl0 3 lb 

P 2 48xl0 3 n _ 3 . 

a 7 = — = = 64 x 10 psi 

A 2 0.75 

IT1 , P 98xl0 3 ]n3 . 

Unloading, a = — = = 56x10 psi 

A 1.75 


Residual stresses. 


Mild steel: 


Lres 


:o-! -o-' = 50x10 3 - 56x 10 3 =-6xl0' 3 psi 


-6 ksi 


Tempered steel: 


'2, res 


-<j 2 -o x =64xl0 3 -56xl0 3 =8xl0 3 psi 


8.00 ksi A 
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PROBLEM 2.120* 

For the composite bar in Prob. 2.111, determine the residual stresses in 
the tempered-steel bars if P is gradually increased from zero until the 
deformation of the bar reaches a maximum value S m = 0.04 in. and is 
then decreased back to zero. 

PROBLEM 2.111 Two tempered-steel bars, each ^-in. thick, are bonded 
to a y-in. mild-steel bar. This composite bar is subjected as shown to a 
centric axial load of magnitude P. Both steels are elastoplastic 
with E- 29 x 10 6 psi and with yield strengths equal to 100 ksi and 50 ksi, 
respectively, for the tempered and mild steel. The load P is gradually 
increased from zero until the deformation of the bar reaches a maximum 
value 8 m = 0.04 in. and then decreased back to zero. Determine (a) the 
maximum value of P, ( b ) the maximum stress in the tempered-steel bars, 
(c) the permanent set after the load is removed. 


SOLUTION 

For the mild steel, 


A = 




(2) = 1.00 in 2 d' r] = 


LS n (14)(50xl0 ) 


y2J E 29x10 

^ 3 ^ , 2 L5 y2 _ (14)(100xl0 3 ) 


= 0.024138 in. 


For the tempered steel, A 2 =2 — (2) = 0.75 in 8 Y2 - 

U6J E 


29x10° 


: 0.048276 in. 


Total area: 


^ = ^ + 4=1.75 in 2 


Vl < d m < 3 Y2 


The mild steel yields. Tempered steel is elastic. 

Forces : P x = A x 8 n =(1 ,00)(50xl0 3 ) = 50xl0 3 lb 

p 2 = ^A = O0xi0 6 )(0^X0.04) = 62 , 4><10llb 


Stresses: 


Unloading : 


Px 


o'! = — = ^ n =50x10 psi <j 2 = — = 


14 


P, 62.14x10 


A 


0.75 


= 82.86 xlO 3 psi 


o' = — = 112,14 = 64.08 X 10 3 psi 
A 1.75 

^3 a no.. 1 a3 


Residual stresses . cr lres =cr 1 -cr f = 50x 10 J - 64.08 xl0 J = -14.08 xlO 3 psi = -14.08 ksi 
^2 res = cr 2 - = 82.86 X IQ 3 - 64.08 x 10 3 = 18.78 x 10 3 psi = 18.78 ksi 
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PROBLEM 2.121* 

Narrow bars of aluminum are bonded to the two sides of a thick steel plate as 
shown. Initially, at T x = 70°F, all stresses are zero. Knowing that the 
temperature will be slowly raised to T 2 and then reduced to T\, determine 
(a) the highest temperature T 2 that does not result in residual stresses, ( b ) the 
temperature T 2 that will result in a residual stress in the aluminum equal to 
58 ksi. Assume a a = 12.8 x 1CT 6 / 0 F for the aluminum and a s = 6.5 x 10“ 6 /°F 
for the steel. Further assume that the aluminum is elastoplastic, with 
£ = 10.9xl0 6 psi and a Y =58 ksi. (Hint: Neglect the small stresses in the 
plate.) 


SOLUTION 

Determine temperature change to cause yielding . 

PT 

S = — + La a (AT) Y =La s (AT) Y 
EA 

P 

~ = cr = ~E(a a - a s )(A T) Y = -cr 7 


(A T) y =- 


58x10 


E(cc a -a s ) (10.9 x 10 6 )(12.8 - 6.5)(10 -6 ) 
(a) T 2Y = T x + (A T) y = 70 + 844.62 = 9 1 5°F 
After yielding, 

S = + La a (A7 1 ) = La s (AT) 


= 844.62°F 


Cooling : 


The residual stress is 


Set 


P'T 

S' = -- + La a (ATy = La s (ATy 
AE 


P' 

CT res =fJ Y T = tT y - E((X a - (X s )( A T) 

A 


(j Y =a Y -E(a a -a s )(AT) 

2cr Y (2)(58xl0 3 ) 


AT 


= 1689°F 


E(a a -a s ) (10.9x10 6 X12.8-6.5)(10 -6 ) 

0 b ) T 2 =7;+Ar = 70 + 1689 = 1759 o F 

If T 2 > 1 759°F, the alu m inum bar will most likely yield in compression. 


915°F A 


1759°F ◄ 
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PROBLEM 2.122* 


AC B 



• > F 

Bar AB has a cross-sectional area of 1200 mm and is made of a steel 




that is assumed to be elastoplastic with E = 200 GPa and cr Y =250 MPa. 


a = 120 mm 

L 

Knowing that the force F increases from 0 to 520 kN and then 



A A f) mm ^ 

decreases to zero, determine (a) the permanent deflection of point C, 



( b ) the residual stress in the bar. 


SOLUTION 


A = 1200 mm 2 = 1200x1 0~V 2 

Force to yield portion AC : P ac =A<j y =( 1200xl(T 6 )(250xl0 6 ) 

= 300x10 3 N 


Rk. 





For equilibrium, /■’ + P CB - P AC = 0. 

P CB = P AC - F = 300 x !° 3 - 520 x 1q3 

= -220x10 3 N 

Pcb^cb ( 22 0 x 10 3 )(0.440 - 0. 120) 
c_ EA (200 xl0 9 )(l 200x10^) 

= 0.29333 xl0“ 3 m 
P CB 220 xlO 3 

CJ nj) — — — 

A 1200 xlO -6 
= -183.333xl0 6 Pa 
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Unloading 


PROBLEM 2.122 (Continued) 


PaC^AC _ PcB^CB _ (F Pac)L C b 


pf L A c | L bc _ FL cb 
AC { EA EA EA 


p ELcb _ (520 x IQ 3 )(0.440- 0.120) =378 18xlQ 3 N 
L ac +L cb 0.440 

P' g= p; c -F = 378.18xl0 3 - 520xl0 3 =-141.820xl0 3 N 

^ c =^= 378 - 18xl °;= 3 15.150xl0 6 Pa 
A 1200 xl0“ 6 


P^c 141.8 2 0xl0 3 
A ~ 1200x 10~ 6 


= -118.183x10 Pa 


(378. 18 x 10 3 )(0.120) =q , 189090xl0 -3 m 
(200 x 1 0 9 )(1 200 x 1 0 -6 ) 


(a) 8 C p =S C -S' C = 0.29333 x 10^-0.189090 x 10~ 3 = 0.104240 x 10" 3 m 


= 0.1042 mm ◄ 


(b) cr res = cr Y - a' = 250 x 10 6 -315.150 x 10 6 = -65.150 x 10 6 Pa 


= -65.2 MPa ◄ 


CT CS res =Cr CT =- 183 - 333x 1()6 +1 18 - 183x 106 =- 65 - 150xl ° 6pa 


= -65.2 MPa ◄ 
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PROBLEM 2.123* 


A C 

B 


> > F 




* 



a = 120 mm 

- 440 mm 



Solve Prob. 2.122, assuming that a = 180 mm. 

PROBLEM 2.122 Bar AB has a cross-sectional area of 1200 mm 2 and 
is made of a steel that is assumed to be elastoplastic with E = 200 GPa 
and <j y = 250 MPa. Knowing that the force F increases from 0 to 
520 kN and then decreases to zero, determine (a) the permanent 
deflection of point C, ( b ) the residual stress in the bar. 


SOLUTION 


A = 1200 mm 2 =1200xl0“ 6 m 2 

Force to yield portion AC : P AC = A<j y = (1200x1 0 _6 )(250xl0 6 ) 

= 300x10 3 N 

For equilibrium, F + P CB - P AC = 0. 


P*c 




P CB = p ac~ f = 3° 0>< l o3 -520X10 3 
= -220 x10 3 N 


PcbLcb (220 x 1 0 3 X0.440 - 0. 1 80) 

EA (200 x 10 9 )(1200 x 10 -6 ) 

= 0.23833 xl0 _3 m 


Pcb 220 xlQ 3 

A 1200 xlO -6 

= -183.333x 10 6 Pa 
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Unloading 


PROBLEM 2.123 (Continued) 


fit _ P ac Lac _ ^cb^cb _ (F ^ac)^cb 


T T 

_ pt ^ AC , ^BC 

— -Tat i 


EA EA EA 


FLcb _ (520 xlQ J )(0.440- 0.180) =3Q7 27xlQ 3 N 
L ac +L cb 0.440 

p cb= p ac~ f = 307.27 xlO 3 -520 xlO 3 = -212.73 xl0 3 N 
(307.27 x 1Q 3 )(Q.18Q) = 0 . 23045 x 10 -3 m 
(200xl0 9 )(1200xl0 6 ) 


F AC _ 307.27 x IQ 3 
4 ~ 1200 xlO -6 


- = 256.058x10° Pa 


a ' =Ecb_ = 212,73x1 ^ = -111. 215 x 10 6 Pa 
A 1200 xlO -6 


(a) 8 C p =8 C -S' C = 0.23833 x 10 -3 - 0.23045 x 10“ 3 = 0.00788 x 10“ 3 m 


= 0.00788 mm ◄ 


0 b ) a AC res = cr AC - a' AC = 250 x 10 6 - 256.058 x 10 6 = -6.0580 x 10 6 Pa 


= -6.06 MPa ◄ 


a CB res = a CB - a' CB = -183.333 x 10 6 + 177.275 x 10 6 = -6.0580 x 10 6 Pa 


= -6.06 MPa ◄ 
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PROBLEM 2.124 


i 4 * 1 



The uniform wire ABC , of unstretched length 2/, is attached to the 
supports shown and a vertical load P is applied at the midpoint B. 
Denoting by A the cross-sectional area of the wire and by E the 
modulus of elasticity, show that, for 8 /, the deflection at the 
midpoint B is 
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28 kips 

i 

ru A 


28 kips 

i 

n ^ 




A 

D 


in. 


1.5 in. 





] B 



— 


2.25 in. 

— 


in. 







C 

E 



PROBLEM 2.125 

The aluminum rod ABC (E = 10.1 x 10 6 psi), which consists of two 
cylindrical portions AB and BC , is to be replaced with a cylindrical steel 
rod DE {E - 29 x 1 0 6 psi) of the same overall length. Determine the 
minimum required diameter d of the steel rod if its vertical deformation is 
not to exceed the deformation of the aluminum rod under the same load 
and if the allowable stress in the steel rod is not to exceed 24 ksi. 


SOLUTION 


Deformation of aluminum rod. 


S A = 


PL 


' AB 


+ - 


PL 


' BC 


A bc E 


L 


' AB 


A 

V ^AB 


+ ■ 


U BC 


u bc y 


28x 10 3 


10. lx 10 


12 


- + - 


18 


V 4 

: 0.031376 in. 


f(1.5r 1(2.2 5) 2 


Steel rod. 8 = 0.031376 in. 



8 = — 

a= PL = (28 x 10 3 )(30) =0 923nin : 


EA 

ES (29 x 10 6 )(0.031376) 


P 

<j = — 

, P 28 X 10 3 rrrn • 2 

. A- — = = 1 .1 6667 in 2 


A 

cr 24 x 10 3 

Required area is 

the larger value. 

A = 1.16667 in 2 

Diameter: 


pA 1(4X1. 16667) 



V n V n 


d = 1.219 in. ◄ 
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A 

T 

f P = 40 kips 


PROBLEM 2.126 

Two solid cylindrical rods are joined at B and loaded as shown. Rod AB is 
made of steel {E = 29xl0 6 psi), and rod BC of brass (E^lSxlO 6 psi). 
Determine (a) the total deformation of the composite rod ABC , ( b ) the 
deflection of point B. 


SOLUTION 

Portion AB: 


Portion BC\ 


P AB = 40xl0 J lb 
L A b = 40 in - 
d = 2 in. 

A AB =^d 2 =^(2) 2 =3.1416 in 2 
E ab = 29xl0 6 psi 

(40x10 3 )(40) 


* _ Pab^ab 

°AB - „ A 

^ ab a ab 


(29 x 10 6 )(3. 1416) 


- = 17.5619 xl(T 3 in. 


P BC =- 20xl0 J lb 
L bc =30 in. 
d = 3 in. 


^BC 


4 4 


■■ 7.0686 in 2 


E bc =15xl0 6 psi 


V = = . ( ; 2QX 6 10 K30) = -5.6588 x 10-in. 


Ebc^bc 


(15x10 )(7.0686) 


(a) 

S = S AB +S BC =17.5619 xlO -6 - 5.6588 xl0“ 6 

8 = 11. 90xl0“ 3 in. i ◄ 

(b) 

&B = — 1 b B c 

S B =5.66x10— in. T ◄ 
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Brass strip: 



PROBLEM 2.127 

The brass strip AB has been attached to a fixed 
support at A and rests on a rough support at B. 
Knowing that the coefficient of friction is 0.60 
between the strip and the support at B , determine 
the decrease in temperature for which slipping 
will impend. 


SOLUTION 

Brass strip: 

£■ = 105 GPa 



w 

1 


P 




iA 



1 

a = 20x10 _6 /°C 


xw t N 


+ 

M 

Vi J 

II 

O 

1 

II 

o 

N = W 




■±*►2^=0: P - [iN = 0 

P = fjW = nmg 




PT 

8 = + La(AT) = 

EA 

o at = p 

EAa EAa 




Data: // = 0.60 





A = (20X3) = 60 mm 2 = 60 x 1 0~ 6 m 2 
m = 100 kg 
g = 9.81 m/s 2 
E = 105xl0 9 Pa 





AT _ (0.60)(1 00)(9.81) 

(1 05 x 1 0 9 )(60 x 1 0“ 6 )(20 x 1 0 6 ) 


AT = 4.67°C ◄ 
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PROBLEM 2.128 

The specimen shown is made from a 1 -in. -diameter cylindrical steel rod 
with two 1.5 -in. -outer-diameter sleeves bonded to the rod as shown. 
Knowing that E = 29 x 10 6 psi, determine ( a ) the load P so that the 
total deformation is 0.002 in., ( b ) the corresponding deformation of the 
central portion BC. 


SOLUTION 


(a) 




A E i 


E A, 


P = ES 


L 

£— 

4J 




L, in. 

d, in. 

A, in 2 

LI A, in -1 

AB 

2 

1.5 

1.7671 

1.1318 

BC 

3 

1.0 

0.7854 

3.8197 

CD 

2 

1.5 

1.7671 

1.1318 


6.083 


P = ( 29 x 10 6 )(0.002)(6.083) 1 = 9.353 x 10 3 lb 


<— sum 


(b) 




PL 


BC 


BC 


Abc^ 


p l bc 

P A BC 


9.535 xlO 3 
29xl0 6 


(3.8197) 


P = 9.53 kips 4 
8 = 1.254 xl0“ 3 in. ◄ 
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PROBLEM 2.129 

Each of the four vertical links connecting the 
two rigid horizontal members is made of 
aluminum (E = 70 GPa) and has a uniform 
rectangular cross section of 10 x 40 mm. For 
the loading shown, determine the deflection 
of ( a ) point E , ( b ) point F, (c) point G. 


SOLUTION 

Statics . Free body EFG : 






A 2 £“c.r= 


|< rr.rr, >]■< 75C> ' V, W — ^ 


+) SM F = 0 : - (400)(2F fizr ) - (250)(24) = 0 
= -7.5 kN = -7.5 x 10 3 N 

+)IM e = 0: (400)(2F cf ) - (650)(24) = 0 
F cf =19.5 kN = 19.5 x10 3 N 

Area of one link: 

A = (10)(40) = 400 mm 2 
= 400xl0 _6 m 2 


Length: L = 300 mm = 0.300 m 
Deformations. 


-'BE 


s, 


CF 


^ BE L 

EA 

F<_t L 

EA 


(-7.5 x 10 3 )(0.300) 
(70 x 10 9 )(400 x 10 -6 ) 
(19.5 x 10 3 )(0.300) 
(70 x 1 0 9 )(400 x 1 0~ 6 ) 


-80.357 xlO'V 


= 208.93 xl0“ 6 m 
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PROBLEM 2.129 (Continued) 


(a) Deflection of Point E . S E = \S BF \ 

(b) Deflection of Point F . S F = S CF 

Geometry change . 



t; 

o-s- 


Let 6 be the small change in slope angle. 
St? + S } 


6 > = - 


80.357 xl0“ 6 + 208.93 xlO -6 


U EF 


0.400 


= 723.22x10 6 radians 


(c) Deflection of Point G . 


Sg ~ + L F g 0 


S G =S F + L fg 6 = 208.93 x 10“° + (0.250)(723.22 x 10“°) 
= 389.73 xl0“ 6 m 


^ =80.4 //mt ◄ 
S F = 209 jam i A 


S G - 390 jum i 4 
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PROBLEM 2.130 

A 4-ft concrete post is reinforced with four steel bars, each with a j-in. diameter. 
Knowing that E s = 29 x 10 6 psi and E c = 3.6 x 10 6 psi, determine the normal 
stresses in the steel and in the concrete when a 150-kip axial centric force P is 
applied to the post. 


SOLUTION 


A =4 


f-T 


= 1.76715 in 2 


A c =8 2 -A s =62.233 in 2 


8 .= 


PsL 

AA 

PA 

AA 


PA 48) 

(1.76715)(29xl0 6 ) 

A (jj) 

(62.233)(3.6xl0 6 ) 


= 0.93663 xlO -6 ^ 
= 0.21425 xlO _6 P c 


But 8 S =8 C : 0.93663 xlO" 6 /^ =0.21425 xlO^P c 


P s = 0.22875P C 

Also, ^+^=^ = 150 kips 

Substituting (1) into (2), 1.22875 P c = 150 kips 


a) 

( 2 ) 


From (1), 


P c = 122.075 kips 

P s =0.22875(122.075) = 27.925 kips 

P s 27.925 
A s ~ 1.76715 

_ P c _ 122,075 
° c ~ A c ~ 62.233 


a s = -15.80 ksi -4 
tr c =-1.962 ksi ◄ 
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PROBLEM 2.131 

The steel rods BE and CD each have a 16-mm diameter 
(E = 200 GPa); the ends of the rods are single-threaded with a 
pitch of 2.5 mm. Knowing that after being snugly fitted, the nut at 
C is tightened one full turn, determine (a) the tension in rod CD , 
( b ) the deflection of point C of the rigid member ABC. 
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PROBLEM 2.132 

The assembly shown consists of an aluminum shell (E a = 10.6 x 10 6 psi, 
a a = 12.9 x 10“ 6 /°F) fully bonded to a steel core (E s =29 x 10 6 psi, 
a s = 6.5 x 1CT 6 / 0 F) and is unstressed. Determine (a) the largest allowable 
change in temperature if the stress in the aluminum shell is not to exceed 
6 ksi, ( b ) the corresponding change in length of the assembly. 


SOLUTION 


Since a a > a s , the shell is in compression for a positive temperature rise. 

Let <J a = -6 ksi = -6xl 0 3 psi 

A a = ^d 2 a - d 2 ) = ^-(1.25 2 - 0.75 2 ) = 0.78540 in 2 


A s =-d 2 = — (0.75) 2 =0.44179 in 2 


~°a A a = M, 


where P is the tensile force in the steel core. 


&=- 


a„A a (6 x 10 3 )(0.78540) 
A . " 0.44179 


= 10.667 xlO 3 psi 


^ = ^ + «,(Ar) = |^ + « fl (Ar) 


(« a -« s )(Ar> = 

(6.4x10 _6 )(A7’) = 


£k. 


E. 


10.667 xl0 j 6xlO J 


29x10° 


- + - 


10.6x10° 


= 0.93385x10 


-3 


(a) AT = 145.91°F 

£ = 10.667x10 +(6 5 xl0 -6^ 145 91 ) = 1 3163 xl0 - 3 
29xl0 6 


A7 = 145. 9°F ◄ 


or 

e = ~ 6xl °. + (12.9 x 10 -6 )(145.91) = 1.3163 x 10^ 3 
10.6xl0 6 

S = Ls = (8.0)(1 .3163 x 10“ 3 ) = 0.01053 in. £ = 0.01053 in. ◄ 
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PROBLEM 2.133 

The plastic block shown is bonded to a fixed base and to a horizontal 
rigid plate to which a force P is applied. Knowing that for the 
plastic used G = 55 ksi, determine the deflection of the plate 
when P = 9 kips. 


2.2 in. 


SOLUTION 


Consider the plastic block. The shearing force carried is P = 9 x 10 3 lb 


The area is A = (3.5)(5.5) = 19.25 in 2 


Shearing stress : 


Shearing strain : 


But 


_P__ 9 x IQ 3 
T ~ ~A ~ 19.25 


467.52 psi 


t 467 52 

y = — = = 0.0085006 

G 55 x 10 3 

o 

y = - .'. 8 = hy = (2.2)(0.0085006) 
h 



8 = 0.01870 in. ◄ 
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PROBLEM 2.134 

The aluminum test specimen shown is subjected to two equal and opposite 
centric axial forces of magnitude P. (a) Knowing that E = 70 GPa 
and cr all = 200 MPa, determine the maximum allowable value of P and the 
corresponding total elongation of the specimen. ( b ) Solve part a , assuming that 
the specimen has been replaced by an aluminum bar of the same length and a 
uniform 60 x 15 -mm rectangular cross section. 


SOLUTION 


<T all =200x1 0 6 Pa E = 70x 10 9 Pa 


(a) Test specimen . 


From Fig. 2.60b, 


A mm = (60 mm)(15 mm) = 900 mm 2 = 900 x 10 6 m 2 
D- 75 mm, d = 60 mm, r-6 mm 


° = ”= 1,25 ^ = -1 = 0.10 

d 60 d 60 


* = 1-95 °7nax = K~ 

A 


(900x 10~ 6 )(200x IQ 6 ) =92 308x1 q3 n 


K 1.95 

Wide area A * = (75 mm)(15 mm) = 1 125 mm 2 =1.125 x 10 -3 m 2 


s = v P ' L ‘ = = 92 - 308 x 103 


A i E i E 4 70x10' 

= 7.91xl0 _6 m 


0.150 


0.300 0.150 

-H T + - 


1.125xl0“ 3 900 xlO -6 1.125 xlO -3 


( b ) Uniform bar . 


p = A< 7 m = (900 x 1 0 -6 )(200 x 1 0 6 ) = 1 80 x 1 0 3 N 


* PL (180xl0 3 )(0.600) , in _ 3 

8 = = — -r^ ^-— = 1.714x10 m 

AE (900 x I O -6 )( 7 0 x 1 0 9 ) 


P = 92.3 kN ◄ 


S = 0.791 mm A 

P = 180.0 kN ◄ 
8 = 1.714 mm A 
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PROBLEM 2.135 


L 




The uniform rod BC has a cross-sectional area A and is made of a 
mild steel that can be assumed to be elastoplastic with a modulus of 
elasticity E and a yield strength <j y . Using the block-and-spring 
system shown, it is desired to simulate the deflection of end C of the 
rod as the axial force P is gradually applied and removed, that is, the 
deflection of points C and C should be the same for all values of P. 
Denoting by ju the coefficient of friction between the block and the 
horizontal surface, derive an expression for (< a ) the required mass m 
of the block, ( b ) the required constant k of the spring. 


SOLUTION 

Force-deflection diagram for Point C or rod BC . 

For 

S c = — 
c EA 

^rnax ~ P Y ~ ACJ Y 


P < P y = A(J y 


p=-s< 

L ( 


Force-deflection diagram for Point C f of block-and-spring system . 

+j ZF =0: N -mg = 0 N = mg 


-ZF= 0: P-F f = 0 P = F i 


f 

If block does not move, i.e., F f < juN = jumg or P < jumg , 


f 


then 


£= — 
c K 


or 


P = kS[ 


If P = jumg , then slip at P = F m jumg occurs. 

If the force P is the removed, the spring returns to its initial length. 


( a ) Equating P Y and F max , 

( b ) Equating slopes, 



PS 


k = 

L 



◄ 

◄ 
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PROBLEM 2.C1 


z Element n 



Element 1 

/ , 


A rod consisting of n elements, each of which is homogeneous and 
of uniform cross section, is subjected to the loading shown. The length 
of element i is denoted by L t , its cross-sectional area by A t , modulus of 
elasticity by and the load applied to its right end by P z , the magnitude 
Pi of this load being assumed to be positive if P z is directed to the right 
and negative otherwise, (a) Write a computer program that can be used 
to determine the average normal stress in each element, the deformation 
of each element, and the total deformation of the rod. ( b ) Use this 
program to solve Probs. 2.20 and 2.126. 


SOLUTION 

For each element, enter 

4 , 4 > E , 

Compute deformation 

Update axial load P = P + P f 

Compute for each element 

cr =P/A i 

S i =PL l /A i E, 

Total deformation: 

Update through n elements 

£ = £ + 

Program Outputs 

Problem 2.20 


Element 

Stress (MPa) 

Deformation (mm) 

1 

19.0986 

0.1091 

2 

-12.7324 

-0.0909 

Total Deformation = 

0.0182 mm 


Problem 2.126 

Element Stress (ksi) Deformation (in.) 

1 12.7324 0.0176 

2 -2.8294 -0.0057 

Total Deformation = 0.01 190 in. 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


249 



PROBLEM 2.C2 


Element n Element 1 



Rod AB is horizontal with both ends fixed; it consists of n elements, each 
of which is homogeneous and of uniform cross section, and is subjected to 
the loading shown. The length of element i is denoted by L i , its cross- 
sectional area by A i , its modulus of elasticity by E t , and the load applied 
to its right end by P, , the magnitude P i of this load being assumed to be 
positive if is directed to the right and negative otherwise. (Note that 
P\ = 0.) (a) Write a computer program which can be used to determine the 
reactions at A and B , the average normal stress in each element, and the 
deformation of each element. ( b ) Use this program to solve Probs. 2.41 
and 2.42. 


SOLUTION 


We Consider the reaction at B redundant and release the rod at B 

Compute S B with R B = 0 


For each element, enter 

Li, A, E, 

Update axial load 

P = P + P i 

Compute for each element 

17 i = L! A 


A = PLMAi 

Update total deformation 

& B ~ $b + Si 

Compute S B due to unit load at B 



Unit cr = MA i 


Unit S t = L i /A i E i 

Update total unit deformation 

Unit 8 b = Unit S B + Unit 8 t 

Superposition 


For total displacement at 

B = 0 

$B + 

Unit S B = 0 

Solving: 

R b = -S B I Unit S B 

Then: 

Ra ~ ^ + Rb 
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PROBLEM 2.C2 (Continued) 


For each element 

a = <J i + R b Unit cr 
S = S i +R B Unit ^ 

Program Outputs 

Problem 2.41 


RA = -62.809 kN 
RB = -37.191 kN 

Element Stress (MPa) Deformation (mm) 

1 -52.615 

-0.05011 

2 

3.974 

0.00378 

3 

2.235 

0.00134 

4 

49.982 

0.04498 

Problem 2.42 

RA = -45.479 kN 



RB = -54.521 kN 

Element Stress (MPa) Deformation (mm) 


1 

-77.131 

-0.03857 

2 

-20.542 

-0.01027 

3 

-11.555 

-0.01321 

4 

36.191 

0.06204 
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PROBLEM 2.C3 



Rod AB consists of n elements, each of which is homogeneous and of 
uniform cross section. End A is fixed, while initially there is a gap 8 0 
between end B and the fixed vertical surface on the right. The length of 
element i is denoted by L t , its cross-sectional area by A i , its modulus of 
elasticity by E t , and its coefficient of thermal expansion by a i . After the 
temperature of the rod has been increased by AT, the gap at B is closed 
and the vertical surfaces exert equal and opposite forces on the rod. 
(a) Write a computer program which can be used to determine the 
magnitude of the reactions at A and B, the normal stress in each element, 
and the deformation of each element. ( b ) Use this program to solve 
Probs. 2.59 and 2.60. 


SOLUTION 

We compute the displacements at B. 
Assuming there is no support at B, 
enter 

L i, A’ E n a t 

Enter temperature change T. Compute for each element. 


S t =a^T 

Update total deformation. 

8 B ~ $ B + 

Compute S B due to unit load at B. 



Unit S. =L i /A i E i 

Update total unit deformation. 

Unit S B = Unit S B + Unit 8 t 

Compute reactions. 
From superposition, 

R B ={8 B -8,)!\lmi8 B 

Then 

R.\ - ~Rb 

For each element. 

°i=~ R B IA i 

- a iL t T + R B L i !A i E i 
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PROBLEM 2.C3 (Continued) 


Program Outputs 

Problem 2.59. 


Problem 2.60. 


R = 52.279 kips 


Element 

Stress (ksi) 

Deformation (10* -3 in.) 

i 

-21.783 

9.909 

2 

-18.671 

10.091 

R = 232.390 kN 

Element 

Stress (MPa) 

Deformation (microm) 

i 

-116.195 

363.220 

2 

-290.487 

136.780 
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PROBLEM 2.C4 



Bar AB has a length L and is made of two different materials of given 
cross-sectional area, modulus of elasticity, and yield strength. The bar is 
subjected as shown to a load P that is gradually increased from zero until 
the deformation of the bar has reached a maximum value S m and then 
decreased back to zero, (a) Write a computer program that, for each of 25 
values of 8 m equally spaced over a range extending from 0 to a value 
equal to 120% of the deformation causing both materials to yield, can be 
used to determine the maximum value P m of the load, the maximum 
normal stress in each material, the permanent deformation 8 of the bar, 
and the residual stress in each material. ( b ) Use this program to solve 
Probs. 2.111 and 2.1 12. 


SOLUTION 


Note: The following assumes ( °y\ <K) 2 


Displacement increment 


Displacements at yielding 


For each displacement 


d m —0.05 (<j y ) 2 L/E 2 
8 A ={g‘y\L!E x 8 b = (<Jy) 2 L/E 2 

If S m <S A : 

0-1 = 8 m E x /L 
=S m E 2 IL 

P m =(8JL)(A x E x+ A 2 E 2 ) 

If S A <S m <S B : 

O'! =(cr y )i 

0-2 = S m E 2 lL 

P m = A x <j x + ( 8 m /L)A 2 E 2 


If S m >S B . 
oi =(oy)i 
&2 = (oy) 2 

p ,» = A<r \ + Ml 
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PROBLEM 2.C4 (Continued) 


Permanent deformations, residual stresses 
Slope of first (elastic) segment 

Slope = (A X E X + A 2 E 2 )IL 
8 P =Sm-{PJ Slope) 

Oi)r CS =cr i -(E^PJiL Slope)) 

( cr 2 )res =cr 2 ~( E 2 P J( L Slope)) 

Program Outputs 

Problems 2.111 and 2.112 


DM 

10** -3 in. 

PM 

kips 

SIGM(l) 

ksi 

SIGM (2) 
ksi 

DP 

10** - 3 in. 

SIGR(l) 

ksi 

SIG (2) 
ksi 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

2.414 

8.750 

5.000 

5.000 

0.000 

0.000 

0.000 

4.828 

17.500 

10.000 

10.000 

0.000 

0.000 

0.000 

7.241 

26.250 

15.000 

15.000 

0.000 

0.000 

0.000 

9.655 

35.000 

20.000 

20.000 

0.000 

0.000 

0.000 

12.069 

43.750 

25.000 

25.000 

0.000 

0.000 

0.000 

14.483 

52.500 

30.000 

30.000 

0.000 

0.000 

0.000 

16.897 

61.250 

35.000 

35.000 

0.000 

0.000 

0.000 

19.310 

70.000 

40.000 

40.000 

0.000 

0.000 

0.000 

21.724 

78.750 

45.000 

45.000 

0.000 

0.000 

0.000 

24.138 

87.500 

50.000 

50.000 

0.000 

0.000 

0.000 

26.552 

91.250 

50.000 

55.000 

1.379 

-2.143 

2.857 

28.966 

95.000 

50.000 

60.000 

2.759 

-4.286 

5.714 

31.379 

98.750 

50.000 

65.000 

4.138 

-6.429 

8.571 

33.793 

102.500 

50.000 

70.000 

5.517 

-8.571 

11.429 

36.207 

106.250 

50.000 

75.000 

6.897 

-10.714 

14.286 

38.621 

110.000 

50.000 

80.000 

8.276 

-12.857 

17.143 

41.034 

113.750 

50.000 

85.000 

9.655 

-15.000 

20.000 

43.448 

117.500 

50.000 

90.000 

11.034 

-17.143 

22.857 

45.862 

121.250 

50.000 

95.000 

12.414 

-19.286 

25.714 

48.276 

125.000 

50.000 

100.000 

13.793 

-21.429 

28.571 

50.690 

125.000 

50.000 

100.000 

16.207 

-21.429 

28.571 

53.103 

125.000 

50.000 

100.000 

18.621 

-21.429 

28.571 

55.517 

125.000 

50.000 

100.000 

21.034 

-21.429 

28.571 

57.931 

125.000 

50.000 

100.000 

23.448 

-21.429 

28.571 
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PROBLEM 2.C5 

The plate has a hole centered across the width. The stress concentration factor 
for a flat bar under axial loading with a centric hole is 


i d C- > x r t 

0 D- 
| 

p K = 3.00-3.13 

f 2r 1 
UJ 

+ 3.66 

( 2 r\ 

— -1.53 

(lA 

UJ 


where r is the radius of the hole and D is the width of the bar. Write a computer 
program to determine the allowable load P for the given values of r, D , the 
thickness t of the bar, and the allowable stress <r all of the material. Knowing 
that t = j in., D = 3.0 in., and <r all =16 ksi, determine the allowable load P for 
values of r from 0.125 in. to 0.75 in., using 0.125 in. increments. 


SOLUTION 


Enter 


r, £>, t. 


°"all 


Compute K 


RD = 2.0 r/D 


K = 3.00 - 3. 13RD + 3.66RD 2 - 1 .53RD 3 


Compute average stress 


Allowable load 


^ave “ a <i\\/K 


Program Output 


^,11 =^ave( D - 2 -0>'K 


Radius 

(in.) 

Allowable Load 
(kips) 

0.1250 

3.9802 

0.2500 

3.8866 

0.3750 

3.7154 

0.5000 

3.4682 

0.6250 

3.1523 

0.7500 

2.7794 
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CHAPTER 3 







SOLUTION 

Tc n 4 

fmax — 5 ' — C 

max J 2 



T n 3 

T = r max 



= y (0.018 m) 3 (70 X 10 6 Pa) 



= 641.26 N • m 

T = 641 N • m -4 
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SOLUTION 


T 

‘'max 


X 

max 


Tc T n 4 
— ; J = — c 
J 2 

2T 


TIC 


2(800 N • m) 
^■(0.018 m) 3 

87.328 xlO 6 Pa 


W = 87 - 3 MPa < 
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PROBLEM 3.3 

(a) Determine the torque T that causes a maximum shearing stress of 
45 MPa in the hollow cylindrical steel shaft shown, (b) Determine the 
maximum shearing stress caused by the same torque T in a solid cylindrical 
shaft of the same cross-sectional area. 


SOLUTION 


(a) Given shaft: 


j=j(4-c:) 


J = — (45 4 - 30 4 ) = 5.1689 x 10 6 mm 4 = 5.1689 x 10" 6 m 4 


T = 


2 

Tc_ 

J 


T = 


Jt 


T _ (5.1689 x 10~ 6 )(45 x 10 6 ) _ g . 16g9 x 10 3 N . m 


45 x 10 


,-3 


( b ) Solid shaft of same area: 


A = n[c\ - q 2 ) = ;r(45 2 - 30 2 ) = 3.5343 x 10 3 mm 2 

[ A 


tic - A or c 


33.541 mm 


T = 5.17 kN-m ◄ 


r n 4 Tc IT 

J ’l c ’ r = T = ^ 

r= (2X5.1689 Xl0 4 )= 87 2xl0<pa 
^■(0.03354 1) 3 


t = 87.2 MPa ◄ 
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PROBLEM 3.4 

(a) Determine the maximum shearing stress caused by a 40-kip • in. torque T in 
the 3-in.-diameter solid aluminum shaft shown, (b) Solve part a , assuming that 
the solid shaft has been replaced by a hollow shaft of the same outer diameter 
and of 1-in. inner diameter. 


SOLUTION 

(a) 


- h 
~ j 

_ (40 kip • in.)(1.5 in.) 
= 7.5451 ksi 



_ (40 kip • in.)(1.5 in.) 

f[(l-5 in.) 4 -(0.5 in.) 4 ] 
= 7.6394 ksi 


t = 7.55 ksi ◄ 


r = 7.64 ksi 
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3 in. 

T 


PROBLEM 3.5 





T 

■jf 

(a) For the 3 -in. -diameter solid cylinder and loading shown, determine the 




4 in. 

maximum shearing stress. ( b ) Determine the inner diameter of the 4-in.- 





diameter hollow cylinder shown, for which the maximum stress is the 

T = 40 kip • 

in. T 



same as in part a. 


(a) 






T = 40 kip • in. 






(b) 




SOLUTION 


(a) Solid shaft: c = — d = — (3.0 in.) = 1.5 in. 

2 2 


J = ^ 

2 


Tc 


^"max — j 


IT 


nc 3 


2(40 kip • in.) 


;r(1.5 in.) 3 


= 7.5451 ksi 

W = 7 - 55 ksi < 

(b) Hollow shaft: c c - —d - —(4.0 in.) = 2.0 in. 


j _ i( c o ~ c i) _ t 


F o ^"max 


4 _ 4 2 Tc o 

W u o 

^"max 


_ p 0 in \4 2(40 kip • in.)(2.0 in.) 

1 ' ' ^(7.5451 ksi) 


= 9.2500 in 4 .-. c, = 1.74395 in. 


and d t = 2 c { - 3.4879 in. 

d t = 3.49 in. ◄ 
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60 mm 



PROBLEM 3.6 

A torque T = 3 kN • m is applied to the solid bronze cylinder shown. 
Determine {a) the maximum shearing stress, ( b ) the shearing stress at point D 
which lies on a 15-mm-radius circle drawn on the end of the cylinder, (c) the 
percent of the torque carried by the portion of the cylinder within the 15 -mm 
radius. 


SOLUTION 


(a) 

1 , 
c = —d =30 mm = 30 x 10 3 m 
2 



J = —c 4 = —(30 X 10" 3 ) 4 = 1.27235 x 10" 6 m 4 
2 2 



T = 3 kN = 3 x 10 3 N 



rc = (3xl0 3 )(30 xl0- 3 ) = 70736xl()6pa 
J 1.27235 x 10“ 6 

T m = 70.7 MPa ◄ 

(b) 

p D = 15 mm = 15 x 10 -3 m 



_ P D _ _ (15 x 10“ 3 )(70.736 x 10“ 6 ) 
T ° ~ c * ~ (30 x 10 -3 ) 

t d = 35.4 MPa ◄ 

(c) 

„ _ t dPd t _ Jd T D _ n n 3 , 

J D Pd 2 



T d = j(15 X 10 -3 ) 3 (35.368 x 10 6 ) = 187.5 N • m 

T 1 87 5 

D X 100% = ' . (100%) = 6.25% 

T 3 x 10 3 

6.25% ◄ 
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PROBLEM 3.7 

The solid spindle AB is made of a steel with an allowable shearing stress of 
12 ksi, and sleeve CD is made of a brass with an allowable shearing stress 
of 7 ksi. Determine (< a ) the largest torque T that can be applied at A if the 
allowable shearing stress is not to be exceeded in sleeve CD, ( b ) the 
corresponding required value of the diameter d s of spindle AB. 


SOLUTION 



( a ) Analysis of sleeve CD: 

C = -d n = -(3) = 1.5 in. 
2 2 2 



c i = c 2 ~ t = 1.5- 0.25 = 1 .25 in. 



* / = y ( c 2 - Cl 4 ) = y(1.5 4 -1.25 4 ) = 4.1 172 in 4 

T= Jr = (4-l ] l7 2)(7 xl0 3 ) =1921xl0 3 lb . in 
c 2 1.5 

T 

= 19.21 kip • in. ◄ 

( b ) Analysis of solid spindle AB: 

II 



J X 3 T 19.21 xio 3 . .... 3 

— = — c =— = r— = 1.601 in 

c 2 t 12 x 10 3 

c= ^wm =L006in dt=2c 

d =2.01 in. A 
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PROBLEM 3.8 


8 in. 


■ 3 in. The solid spindle AB has a diameter d s = 1 .5 in. and is made of a steel with an 
! allowable shearing stress of 12 ksi, while sleeve CD is made of a brass with 
1 ~ 4 m - an allowable shearing stress of 7 ksi. Determine the largest torque T that can 
be applied at ,4. 


4 in. 


D 


13" 


"GT 


c iy 


SOLUTION 

Analysis of solid spindle AB: 


Analysis of sleeve CD: 


The smaller torque governs. 


c = — cL = 0.75 in. 

2 5 

Tc Jt 7T 3 

T = T- = — TC 

J c 2 

T = y (12 X 10 3 )(0.75) 3 = 7.95 x 10 3 lb • in. 

c 2 = -d = -(3) = 1.5 in. 

2 2 2 

c l =c 2 - t = 1.5- 0.25 = 1 .25 in. 

J = T ( c 4 2 - q 4 ) = y (1-5 4 - 1.25 4 ) = 4.1 172 in 4 

T = — = ( 4'1 172)(7 x 10 3 ) _ 19 21 x 1Q 3 lb . in 
c 2 1.5 

T= 7.95xl0 3 lb-in. 


T = 7.95 kip • in. ◄ 
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SOLUTION 

(a) Shaft AB; . 


Tab 

c 

J 


T 

‘'max 


T 

‘'max 


3.6 xlO 3 lb-in. 

—d = -(1.3) = 0.65 in. 

2 2 

71 4 
— C 
2 

7c _ 2 T 
J Tt(? 

(2)(3.6 x IQ 3 ) _ s 35 x i Q 3 
;r(0.65) 3 


psi 


( b ) Shaft BC \ 


Tbc 

c 

J 


T 

max 


6.8 x 10 3 lb • in. 

—d = -(1.8) = 0.9 in. 

2 2 

71 4 
— C 
2 

2T rc (2)(6.8 x 10 3 ) r 3 . 

— ^ = —!d — L = 5 94 x 10 3 psi 

tt(7 ^(0.9) 3 


W = 8 - 35 ksi < 


W = 5 - 94 ksi < 
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6.8 kip • in. 



PROBLEM 3.10 

The shafts of the pulley assembly shown are to be 
redesigned. Knowing that the allowable shearing 
stress in each shaft is 8.5 ksi, determine the smallest 
allowable diameter of (a) shaft AB , (b) shaft BC. 


SOLUTION 

(a) Shaft AB : 


(b) Shaft BC : 


T ab - 3.6 x 10 lb • in. 


r max - 8.5 ksi = 8.5 x 10 3 psi 


J = -c 4 

2 


Tc 2 T 


J 


nc 


'2 T 


AB 


' nt„ 


(2)(3.6 x IQ 3 ) 
' ;r(8.5 x 10 3 ) 


0.646 in. 


T bc = 6.8 x 10 3 lb • in. 


8.5 x 10 3 psi 


C = 3 ■ 


' 2Tr 


BC _ 


= 3 


1 TIT 


(2)(6.8 x IQ 3 ) 
8.5 x 10 3 ) 


= 0.7985 in. 


d ab = 2c = 1 .292 in. <4 


d BC - 2c - 1.597 in. A 
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PROBLEM 3.11 

Knowing that each portion of the shafts AB, BC, 
and CD consist of a solid circular rod, determine 
(a) the shaft in which the maximum shearing 
stress occurs, ( b ) the magnitude of that stress. 


SOLUTION 

Shaft AB: 


Shaft BC: 


Shaft CD: 


Answers: 


T = 48 N • m 


c = —d = 7.5 mm = 0.0075 m 
2 


Tc 2T 

J 7TL : 3 

(2)(48) 
;r(0.0075) 3 


: 72.433 MPa 


T =-48 + 144 =96N-m 

1 Tc IT 

c = -d = 9 mm r max = — = — j 

2 J nc 

T =-48 + 144 + 60 = 156 N-m 


(2)(96) 

;r(0.009) 3 


= 83.835 MPa 


c =—d = 10.5 mm 


Tc _ IT (2 x 156) 


J nc? ^(0.0 105) 3 


: 85.79 MPa 


(a) Shaft CD ( b ) 85.8 MPa ◄ 
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PROBLEM 3.12 

Knowing that an 8-mm-diameter hole has been 
drilled through each of the shafts AB, BC , and CD, 
determine (< a ) the shaft in which the maximum 
shearing stress occurs, ( b ) the magnitude of that 
stress. 


SOLUTION 

Hole: 

1 , 

c, =— a, =4 mm 
l 2 l 

T = 48 N • m 


Shaft AB: 


Shaft BC: 

c, = — d 2 = 7.5 mm 

2 2 2 

J = y (c 4 - C! 4 ) = y(0.0075 4 - 0.004 4 ) = 4.5679 x 10“ 9 m 4 

W= rC2 = (48X0 - 0075) 9 = 78.810 MPa 
™ J 4.5679 x 10“ 9 

T =-48 + 144 =96N-m c 2 =-d ? = 9 mm 

2 2 2 


Shaft CD: 

J = jC - c i) = f (0-009 4 - 0.004 4 ) = 9.904 x 10" 9 m 4 

r C2 = (96)(0.009) 7 239MPa 

J 9.904 X 10" 9 

T =-48 + 144 + 60 =156N-m c 2 =-d 2 = 10.5 mm 

2 2 2 


Answers: 

J = - Cl 4 ) = y(0.0105 4 - 0.004 4 ) =18.691 x 10“ 9 m 4 

r C2= (15mom = ^636 MPa 
J 18.691 xl0“ 9 

(a) Shaft CD 

(. b ) 87.6 MPa ◄ 
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PROBLEM 3.13 

Under normal operating conditions, 
the electric motor exerts a torque of 
2.4 kN • m on shaft AB. Knowing 
that each shaft is solid, determine the 
maximum shearing stress in (a) shaft 
AB , ( b ) shaft BC , ( c ) shaft CD. 


SOLUTION 




(a) 

Shaft AB: 

Tab 

= 2.4 x 10 3 N • m, c = —d = 0.027 m 
2 




t ab 

= 7c = 27 _ 2(2.4 xl0 3 ) = 77 625 xl()6pa 
J nc 1 ^(0.027) 3 

77.6 MPa ◄ 

(b) 

Shaft BC: 

Tbc 

= 2.4 kN • m - 1.2 kN • m = 1.2 kN • m, c = — d = 0.023 m 

2 




t bc 

= Tc = 2T _ (2)(1.2 xl0 3 ) = 62 788xl()6pa 
J nc 3 ;r(0.023) 3 

62.8 MPa ◄ 

(c) 

Shaft CD: 

Tcd 

= 0.4 x 10 3 N • m c = -d = 0.023 m 
2 




t cd 

= rc = 27 _ (2X0.4 Xl0 3 ) = 20 929xl06pa 
J nA ^(0.023) 3 

20.9 MPa ◄ 
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PROBLEM 3.14 



In order to reduce the total mass of 
the assembly of Prob. 3.13, a new 
design is being considered in which 
the diameter of shaft BC will be 
smaller. Determine the smallest 
diameter of shaft BC for which the 
maximum value of the shearing 
stress in the assembly will not be 
increased. 

PROBLEM 3.13 Under normal 
operating conditions, the electric 
motor exerts a torque of 2.4 kN • m 
on shaft AB. Knowing that each shaft 
is solid, determine the maximum 
shearing stress in (a) shaft AB , 
(b) shaft BC , (c) shaft CD. 


SOLUTION 


See solution to Problem 3.13 for maximum shearing stresses in portions AB , BC , and CD of the shaft. The 
largest maximum shearing value is r max = 77.625 x 10 6 Pa occurring in AB. 

Adjust diameter of BC to obtain the same value of stress. 

_ Tc _ 2T 

J 7TC 3 


c 3 = 


IT 


( 2X1 - 2x10 ) =9.8415 x 10-^3 


m 71(11.625 x 10 b ) 


21.43 xl0 _3 m J = 2c = 42.8xl0- 3 m 


42.8 mm ◄ 
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SOLUTION 

_ Tc T _ n 4 r _ 71 3 

^"max — j ? ^ ~ 2 ^ ^ ~ 2 ^ ^" max 


Rod AB: 

= 15 ksi c = —d = 0.75 in. 

iiidx ^ 



T = y(0.75) 3 (15) = 9.94 kip • in. 


Rod BC: 

r max - 8 ksi c = -^d = 0.90 in. 



T = y(0.90) 3 (8) = 9.16 kip • in. 


The allowable torque is the smaller value. 

T = 9.16 kip • in. A 
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SOLUTION 


( a ) Rod_A5: 


(b) Rod BC : 


Tc t _ 71 3 _ 2T 

^"max — T 9 J ~ “j c — 

•7 2 


T = 10 kip • in. r max = 15 ksi 


c 3 = (2)(l Q) = 0.4244 in 3 


^■( 15 ) 

c = 0.7515 in. 


T = 10 kip • in. r max = 8 ksi 


c 3 = (2)(l0) = 0.79577 in 2 


*( 8 ) 
c = 0.9267 in. 


d = 2c = 1.503 in. <4 


d = 2c = 1.853 in. <4 
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PROBLEM 3.17 

The solid shaft shown is formed of a brass for which the 
allowable shearing stress is 55 MPa. Neglecting the effect of 
stress concentrations, determine the smallest diameters d AB and 
d B c for which the allowable shearing stress is not exceeded 


SOLUTION 


r max = 55 MPa = 55x10° Pa 


Tc_ _ IT 

J 7TC 3 


C = 3 


2 T 




Shaft AB: 


Shaft BC\ 


T ab = 1200 - 400 = 800 N • m 


c = 3 ■ 


( 2 X 800 ) 

[ 7r{55 x 10 6 ) 


21.00 xl0" 3 m = 21.0 m 


minimum d AB = 2c = 42.0 mm M 


T bc = 400 N • m 


c = 3/ - 16.667 x 10 3 m = 16.67 mm 

V tt( 55 x 10 6 ) 


minimum <7 


5C 


2c = 33.3 mm A 
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PROBLEM 3.18 

Solve Prob. 3.17, assuming that the direction of T c is reversed. 

PROBLEM 3.17 The solid shaft shown is formed of a brass for 
which the allowable shearing stress is 55 MPa. Neglecting the effect 
of stress concentrations, determine the smallest diameters d AB and d B c 
for which the allowable shearing stress is not exceeded. 


SOLUTION 

Note that the direction of T c has been reversed in the figure. 


Shaft AB\ 


Shaft BC: 


'I'# = 1200 N • m 

T c = 400 N • in 


r max = 55 MPa = 55x10° Pa 


Tc _ 2 T 
J TIC 3 


C = 3 ■ 


2 T 


' XT n 



600 mm 


T ab = 1200 + 400 = 1600 N • m 


C = 3 


(2)(1600) 


= 26.46 x 10 3 m = 26.46 mm 

minimum d AB -2 c = 52.9 mm 4 

= 16.667 x 10 -3 m = 16.67 mm 


f 7t(55 x 10 6 ) 
T bc = 400 N • m 


c = 3 


(2)(400) 
7t(55 x 10 6 ) 


minimum d BC = 2c = 33.3 mm ^ 
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90 mm 


PROBLEM 3.19 



The solid rod AB has a diameter Bab = 60 mm and is made of a steel for 

7 C 


which the allowable shearing stress is 85 MPa. The pipe CD, which has 

d AB 


an outer diameter of 90 mm and a wall thickness of 6 mm, is made of an 

\ B 


aluminum for which the allowable shearing stress is 54 MPa. Determine 

A/ 


the largest torque T that can be applied at A. 


SOLUTION 

Rod AB: 


Pipe CZ) : 


r all = 85 x 10° Pa c = —d = 0.030 m 


2 ' 


T _ ^ r all - 71 J> T 
J all _ _ r all 

C 2 

= y(0.030) 3 (85 X 10 6 ) = 3.605 x 10 3 N • m 


r all = 54x10° Pa c 


7 - — d ? = 0.045 m 

2 2 2 


°\ = c 2 - 1 = 0.045 - 0.006 = 0.039 m 
J = - (c a 2 - q 4 ) = — (0.045 4 - 0.039 4 ) = 2.8073 x 10“ 6 m 


_ Jr all _ (2.8073 x 10“ 6 )(54 x 10 6 ) _ , „ in3 

-'all _ “ 


0.045 


= 3.369 x 10 N • m 


Allowable torque is the smaller value. 


T all = 3.369 x 10 N • m 


3.37 kN • m ◄ 
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PROBLEM 3.20 

The solid rod AB has a diameter cIab = 60 mm. The pipe CD has an outer 
diameter of 90 mm and a wall thickness of 6 mm. Knowing that both the 
rod and the pipe are made of a steel for which the allowable shearing 
stress is 75 MPa, determine the largest torque T that can be applied at A. 


SOLUTION 


Rod AB: 


Pipe CD : 


r all 


^all 


C 2 

J 


= 75 x 10 6 Pa T &=— 1 
c 

= -d = 0.030 m J = -c 4 
2 2 

= f c 3 r all = f(0.030) 3 (75 x 10 6 ) 

= 3.181 x 10 3 N • m 

= -^d 2 = 0.045 m c x =c 2 -t = 0.045 - 0.006 = 0.039 m 

= y (4 ~ c \) = y (0-045 4 - 0.039 4 ) = 2.8073 x 10“ 6 m 4 

(2.8073 x 10" 6 )(75 x 10 6 ) . , a3 xt 

= 4 21 L = 4.679 x 10 3 N • m 

0.045 


Allowable torque is the smaller value. 


T all = 3.18 x 10 3 N • m 
3.18 kN • m ◄ 
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N -m 


PROBLEM 3.21 

A torque of magnitude T = 1000 N • m is applied 
at D as shown. Knowing that the allowable 
shearing stress is 60 MPa in each shaft, determine 
the required diameter of (a) shaft AB , ( b ) shaft CD. 


SOLUTION 


T cd = 1000 N • m 

r 1 00 

T AB =—T cd = —— (1000) = 2500 N • m 
r r 40 


( a ) Shaft AB : 


C b ) Shaft CD : 


z'aii = 60 x 10 Pa 

r=^=^- c 3 = — = ^ 250 °) = 26.526 X 10" m 3 
J nc 3 nt ;r(60 x 10 6 ) 

c =29.82 xl0“ 3 = 29.82 mm 

r all = 60 x 10 6 Pa 

r= Z£ = iL c , = 2T= (2X1000) =,0^0, iqh, m » 


d = 2c = 59.6 mm ^ 


./ nc 


at ;r(60 x 10 ) 


c = 21.97 x 10 3 m = 21.97 mm 


d = 2c = 43.9 mm ^ 
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N -m 


PROBLEM 3.22 

A torque of magnitude T = 1000 N • m is applied 
at D as shown. Knowing that the diameter of shaft 
AB is 56 mm and that the diameter of shaft CD is 
42 mm, determine the maximum shearing stress 
in ( a ) shaft AB , ( b ) shaft CD. 


SOLUTION 

T cd = 1000 N • m 



r 1 00 

Tab =—T cd = — (1000) = 2500 N • m 
r c 40 


(a) Shaft AB: 

c = —d = 0.028 m 
2 



r= 2b = 2T (2X2500) = 7250x1()6 
J nc 3 ;r(0.028) 3 

72.5 MPa ◄ 

(b) Shaft CD: 

c = —d = 0.020 m 
2 



r= 2b = 2T (2X1000) _ 7x1q6 

J nC ;r(0.020) 3 

68.7 MPa ◄ 
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PROBLEM 3.23 

Under normal operating conditions, a motor 
exerts a torque of magnitude T F at F. The 
shafts are made of a steel for which the 
allowable shearing stress is 12 ksi and have 
diameters dcDE = 0.900 in. and d FG H = 0.800 in. 
Knowing that r D = 6.5 in. and r G = 4.5 in., 
determine the largest allowable value of T F . 


SOLUTION 


Tall = 12 ksi 


Shaft FG: 


c — — d = 0.400 in. 
2 


£ F,all 


r all _ 71 3, 


C T. 


all 


Shaft DE\ 


= y(0.400) 3 (12) =1.206 kip • in. 


1 


c = —d = 0.450 in. 
2 


T - 71 3 

J E, all C T all 


= y(0.450) 3 (12) =1.7177 kip • in. 

7> = r JLr E T p =±1(1.7177) =1.189 kip - in. 
r D 6.5 


Allowable value of T F is the smaller. 


T f =1.189 kip • in. A 
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PROBLEM 3.24 

Under normal operating conditions, a motor 
exerts a torque of magnitude T F = 1200 lb • in. 
at F. Knowing that r D = 8 in., r G =3 in., and 
the allowable shearing stress is 10.5 ksi in 
each shaft, determine the required diameter of 
(a) shaft CDE , ( b ) shaft FGH. 


SOLUTION 

T F = 1200 lb • in. 




T E = — T F = — (1200) = 3200 lb • in. 

r G 3 



r all = 10.5 ksi = 10,500 psi 



Tc IT 
J 7U? 

3 IT 
or c = — 

7ZT 


(a) Shaft CDE: 

„ 3 _ (2X3200) 
n{\ 0,500) 

= 0.194012 in 3 



c = 0.5789 in. 

(N 

II 

J 

d de =1.158 in. A 

(b ) Shaft FGH: 

,.3 _ (2)0200) 

*00,500) 

0.012757 in 3 



c = 0.4174 in. 

<N 

II 

g 

d fq - 0.835 in. A 
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4 in. 


2.5 in. 



PROBLEM 3.25 

The two solid shafts are connected by gears as shown and are made 
of a steel for which the allowable shearing stress is 7000 psi. 
Knowing the diameters of the two shafts are, respectively, 
d BC = 1.6 in. and d EF = 1.25 in., determine the largest torque T c 
that can be applied at C. 


SOLUTION 

2“max - 7000 psi = 7.0 ksi 


Shaft BC: 

d B q — 1.6 in. 



c = —d = 0.8 in. 
2 



_ T^max _ n 3 

1 C 0 L max c 

C 2 



= y (7.0)(0.8) 3 = 5.63 kip • in. 


Shaft EF: 

d EF — 1 .25 in. 



c = —d = 0.625 in. 
2 



j 1 _ 7f m a x _ 3 

1 F n. L max c 

C 2 



= y (7.0)(0.625) 3 = 2.684 kip • in. 


By statics, 

T c = — T F = —(2.684) = 4.30 kip • in. 
r D 2.5 


Allowable value of T c 

is the smaller. 

T c = 4.30 kip • in. A 
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PROBLEM 3.26 

The two solid shafts are connected by gears as shown and are made of a 
steel for which the allowable shearing stress is 8500 psi. Knowing that a 
torque of magnitude T c = 5 kip • in. is applied at C and that the assembly 
is in equilibrium, determine the required diameter of {a) shaft BC , 
( b ) shaft EF. 


SOLUTION 


(a) Shaft BC \ 


( b ) Shaft EF : 


r max - 8500 psi = 8.5 ksi 


T c = 5 kip • in. 
_Tc _2T 

max ~ V~ ~ 3” 

J 7TC 


C = 3 


2 T 


1 TtXyy. 


c = 3 (2X5). = o .7208 in. 
/r(8.5) 


= ^-T c = —(5) = 3.125 kip • in. 

Tj 4 


27 


1 7ZT 


3,(2X3,125) = 0.6163 in. 
7T( 8.5) 


d BC = 2c = 1 .442 in. ^ 


d E p -2 c - 1.233 in. ^ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


286 



PROBLEM 3.27 

For the gear train shown, the diameters of the three 
solid shafts are: 

d AB = 20 mm d CD = 25 mm d EF = 40 mm 

Knowing that for each shaft the allowable shearing 
stress is 60 MPa, determine the largest torque T that 
can be applied. 


SOLUTION 

Statics: 


Tab 

= T 




Tcd 

_ t ab 

Tcd ~ 

- —f 

1 AB ~ 

75 

= — T = 2.5 T 

r c 

r B 

r B 

30 

Tef 

II 

If 


Q 

^1 

II 

90 

= —(2.5 T) = 7.57 

r F 

r D 

r D 

30 


Determine the magnitude of T so that the stress is 60 MPa = 60 x 10 6 Pa. 

Tc Jr n 3 

T = ~r r shaft = = 

J C 2 


Shaft AB: 


C ~ 2 d AB 


10 mm = 0.010 m 


71 


T AB = T = —(60 X 10°)(0.010 y T = 94.2 N • m 


Shaft CD: 


c = ~^cz) = 12.5 mm = 0.0125 m 


Shaft EF: 


T cd = 2.5 T = “(60 x 10 6 )(0.0125) 3 T = 73.6 N • m 
c = —d EF = 20 mm = 0.020 m 


n 


T ef = 7.5T = -(60 x 10 )(0.020) T = 100.5 N • m 


The smallest value of T is the largest torque that can be applied. 


T = 73.6 N • m ◄ 
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PROBLEM 3.28 


A torque 7 = 900 N • m is applied to shaft AB of the 
gear train shown. Knowing that the allowable shearing 
stress is 80 MPa, determine the required diameter of 
(a) shaft AB , ( b ) shaft CD , (c) shaft EF. 


SOLUTION 

From statics, 


(a) Shaft AB : 


0 b ) Shaft CD \ 


(c) Shaft EF : 


Tab=T 


L EF 


- LE 


T - -^T - 

1 CD ~ 1 AR ~ 


AB 


r E T 
1 1 


75 mm 
30 mm 
90 mm 


T = 2.5 T 


BC 


Tab ~ 


r D 30 mm 

T = 900 N • m 
Tc Tc 


(2.5 T) = 7.57 


r all “ 


/ fc 4 

2 T 


c = 


^ r all 

2 T AB _ 2 900 N • m 


# r. 


all 


^ 80 MPa 


T cd = 2.57 = 2.5(900 N • m) 


£ CD 
c 3 = 


2 T cd _ 2 2250 N - m 


n t. 


all 


n 80 MPa 


T ef = 7.57 = 7.5(900 N • m) 


L EF 

3 


C = 


2 T ef _ 2 6750 N • m 


^ r. 


all 


^ 80 MPa 


c = 19.2757 mm = 38.6 mm <4 


26.161 mm 


4 CD 


52.3 mm A 


37.731 mm — » 


EF 


75.5 mm ^ 
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PROBLEM 3.29 




(b) 


While the exact distribution of the shearing stresses in a 
hollow-cylindrical shaft is as shown in Fig. a , an approximate 
value can be obtained for r max by assuming that the stresses 
are uniformly distributed over the area A of the cross section, 
as shown in Fig. b , and then further assuming that all of the 
elementary shearing forces act at a distance from O equal to 
the mean radius !/ 2 (q + c 2 ) of the cross section. This 
approximate value r 0 = T/Ar m , where T is the applied torque. 
Determine the ratio r max /r 0 of the true value of the maximum 
shearing stress and its approximate value r 0 for values 
of q/c 2 , respectively, equal to 1.00, 0.95, 0.75, 0.50, and 0. 


SOLUTION 


For a hollow shaft, 


By definition, 


2Tc 2 _ 2Tc 2 

- q 2 )(cf + q 2 ) a(c\ + q 2 ) 

T _ 2T 

Ar m A ( C 2 + C l) 


Tc 2 _ 2Tc 2 
J n[c\ — q 4 j 


Dividing, 


W = C 2( C 2 + C l) = 1 + ( C l /C 2> 
r o c 2 + C[ 1 + (q/c 2 ) 


C\/c 2 

1.0 

0.95 

0.75 

0.5 

0.0 

Tnax / H 

1.0 

1.025 

1.120 

1.200 

1.0 


◄ 


◄ 
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PROBLEM 3.30 


(a) For a given allowable shearing stress, determine the ratio T/w of the 
maximum allowable torque T and the weight per unit length w for the 

w 

hollow shaft shown. ( b ) Denoting by ( T/w) 0 the value of this ratio for a 
solid shaft of the same radius c 2 , express the ratio T/w for the hollow shaft 
in terms of (T/w) 0 and q/c 2 . 


SOLUTION 


w = weight per unit length 
pg = specific weight 
W = total weight 
L = length 

W_ _ pgLA 
L ~ L 


w 


T _ *^ r all _ 71 C . 

^ all “ “ 0 

C 2 2 C 2 


pgA = pgn[c\ - c \ ) 

2-'f r AAifiMjA} 


r all “ 


T ( 2 2 \ 

(a) — = (c'i + c 2 Jr all 


T_ 

w 


( g l 2 + C 2 )' 


all 


2/?gc 2 


q = 0 for solid shaft 


(6) fi^ = l + 4 


l w /o 

'T_ 

v w 


2/Og 


(hollow shaft) A 


(solid shaft) 


c 2 ^ 

1 + ^ 
C 2 
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PROBLEM 3.31 


Determine the largest allowable diameter of a 3-m-long steel rod (G = 77.2 GPa) if the rod is to be twisted 
through 30° without exceeding a shearing stress of 80 MPa. 
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5000 ft 


PROBLEM 3.32 

The ship at A has just started to drill for oil on the ocean floor at a depth of 5000 ft. 
Knowing that the top of the 8 -in. -diameter steel drill pipe (G = 11.2 x 10 6 psi) 
rotates through two complete revolutions before the drill bit at B starts to operate, 
determine the maximum shearing stress caused in the pipe by torsion. 


B 


* 


SOLUTION 


TL _ GJcp 


_ Tc _ GJcpc _ Gcpc 
T ~ J JL ~ L 

cp = 2 rev = (2)(2^r) = 12.566 rad, 
L = 5000 ft = 60,000 in. 


c = 


—d = 4.0 in. 
2 


(11.2 x 10 6 )(12.566)(4.0) 
60,000 


9.3826 xlO 3 psi 


r = 9.38 ksi ◄ 
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PROBLEM 3.33 

1.5 in. £ 

r 

3 ft 

(a) For the solid steel shaft shown, determine the angle of twist 
at A. Use G = 11.5 x 10 6 psi. ( b ) Solve part a , assuming that the 


steel shaft is hollow with a 1.5-in. outer radius and a 0.75-in. 
inner radius. 

T = 60 kip • in. 




SOLUTION 



(a) 

c = 1.5 in. J = — (1.5 in.) 4 = 7.9522 in 4 
2 

,_TL_ (60 kip • in.)(36 in.) 

~ GJ ~ (1 1,200 kips/in 2 )(7.9522 in 4 ) 



<j) = 0.024252 radians 

<j) = 1.390° ◄ 

(b) 

J = y[(1.5 in.) 4 - (0.75 in.) 4 ] = 7.4552 in 4 

(60 kip • in.)(36 in.) 

(1 1,200 kips/in 2 )(7.4552 in 4 ) 



(j) = 0.025869 radians 

< i i = 1.482° ◄ 
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40 mm 



PROBLEM 3.34 

(a) For the aluminum pipe shown (G = 27 GPa), determine the torque T 0 
causing an angle of twist of 2°. ( b ) Determine the angle of twist if the 
same torque T 0 is applied to a solid cylindrical shaft of the same length 
and cross-sectional area. 


SOLUTION 

(a) 


(p 


TL 

~GJ 


c Q = 50 mm = 0.050 m, c, = 40 mm = 0.040 m 
J = | (c 4 _ c f) = y (0.050 4 - 0.040 4 ) 


5.7962 xl0" 6 m 4 


q> = 2° = 34.907 x 10“ 3 rad L = 2.5 m 
G = 27 x 10 9 Pa 

_ GJtp _ (27 x 10 9 )(5.7962 x 10“ 6 )(34.907 x 10“ 3 ) 


L 

= 2.1851 x 10 3 N • m 


2.5 


Area of pipe : 

(i b ) Radius of solid of same area : 


A = 7t(c 2 0 - c, }) = ^(0.050 2 - 0.040 2 ) = 2.8274 m 2 


c s = — = 0.030 m 

V 71 

J S = 7-c A s = y(0.030) 4 = 1.27235 x 10" 6 m 2 


<Ps = 


(2.1851 xl0 3 )(2.5) 

GJ (27 x 1 0 9 )(1 .27235 x 10 -6 ) 


_ ToL _ 


T, 1, = 2.19 kN - m ◄ 


= 0.15902 rad 


<Ps= 9.11° ◄ 
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300 N • m 


200 N • m 



PROBLEM 3.35 

The electric motor exerts a 500-N • m torque on 
the aluminum shaft ABCD when it is rotating at a 
constant speed. Knowing that G = 27 GPa and that 
the torques exerted on pulleys B and C are as shown, 
determine the angle of twist between (a) B and C, 
(b) B and D. 


SOLUTION 

(a) Angle of twist between B and C . 

T bc = 200 N • m, L bc = 1 .2 m 

C = —d = 0.022 m, G = 27xl0 9 Pa 
2 

j BC = ?L C A = 367.97 x 10“ 9 m 


Vbic 


TL 


(200X1-2) 


= 24.157 x 10“ 3 rad 


GJ (27 x 10 9 )(367.97 x 10 9 ) 

( b ) Angle of twist between B and D . 

T cd = 500 N • m, L CD = 0.9 m, c = -d = 0.024 m, G = 27xl0 9 Pa 


(p BIC = 1-384° ◄ 


71 a 71 


J CD = — c 4 = — (0.024) 4 = 521.153 x 10“ 9 m 4 


PC/D ~ 


2 2 

( 500)(0.9) 

(27 x 10 9 )(521. 153 x 10 9 ) 


= 31.980 xlO" 3 rad 


Vbid ~ Vbic + Vc/d = 24.157 x 10 3 + 31.980 x 10 3 = 56.137 x 10 3 rad 


Vbid ~ 3.22° M 
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SOLUTION 

{a) T ab = 300 N • m, L AB = 0.9 m, C AB = — d = 0.015 m 


n 


J AB = — (0.015) 4 = 79.522 x 10" 9 m 4 


<Pab ~ 


_ TabLab _ 


(300X0.9) 


GJ {111 x 10 y )(79.522 x 10“ y ) 


= 43.980 xlO" 3 rad 


(b) T bc = 300 + 400 = 700 N • m, L BC = 0.75 m, C BC = -d = 0.023 m 


(Pab = 2.52° ◄ 


J BC = ^(0.023) 4 = 439.57 x 10“ 9 m 4 


Vbc ~ 


_ ^BC^BC _ 


(700)(0.75) 


GJ 


BC 


{111 X 10 9 )(439.57 X 10“ 9 ) 


= 15.4708 xlO" 3 rad 


Vbc ~ 0 - 89 ° 

9 ac = <Pab + <Pbc = 2 - 52 ° + °- 89 ° 


<t>AC = 3.41° ◄ 
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SOLUTION 


Both portions: 

c = —d = 6 mm = 6 x 10 _3 m 
2 

J = — c 4 = —(6 x 10" 3 ) 4 = 2.03575 x 10" 9 m 4 
2 2 

T = 100 N-m 


Rod AR: 


G ab = 39 x 10 Pa, L ab = 0.200 m 


(a) cp B = (p AB 
Rod BC: 


TL 


'AB 


(100X0.200) 


GarJ 


(39 x 10 9 )(2.03575 x 10" 9 ) 


0.25191 rad 


G bc = 26 x 10 9 Pa, L bc = 0.300 m 


TL Rr 

Vbc ~ ~ 7 - 

'■-’BC’' 


(100)(0.300) 


(26 x 10 9 )(2. 03575 x 10" 9 ) 
(. b ) (p c = (p B + (p BC = 0.25191 + 0.56679 = 0.81870 rad 


= 0.56679 rad 


(p B = 14.43° ◄ 


(p c = 46.9° ◄ 
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SOLUTION 

Rod AB: 


G = 21 y. 10 Pa, L = 0.400 m 

T = 800 N • m c = —d = 0.018 m 
2 

J = —c 4 = — (0.018) 4 = 164.896 x 10“ 9 m 
2 2 


<Pa/b 


TL 


(800)(0.400) 


GJ (27 x 1 0 y )(l 64.896 xl0“ 9 ) 


71.875 x 10 -3 rad 


Part BC\ 


G = 39 x 10 9 Pa L = 0.375 m, c = —d = 0.030 m 


T = 800 + 1600 = 2400 N • m, J = —c 4 = — (0.030) 4 = 1.27234 x 10“ 6 m 4 

2 2 


TL 

*Pb/c ~ 777 


(2400)(0.375) 


GJ (39 x 10 9 )(1 .27234 xl0“ 6 ) 


18.137 xl0“ 3 rad 


Part CD: 


c, = —d, = 0.020 m 
1 2 1 


c, = —d 7 = 0.030 m, L = 0.250 m 

2 2 2 

J = -[c\ - cf) = — (0.030 4 - 0.020 4 ) = 1.02102 x 10“ 6 m 4 


Pc/d ~ 


2 

TL 


(2400)(0.250) 


GJ (39 x 10 y )(1.02102 x 10 -6 ) 


= 15.068 xlO -3 rad 


Angle of twist at A . 


Pa ~ Paib + Pb/c + Pod 
= 105.080 xl0“ 3 rad 


<p A = 6.02° ◄ 
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PROBLEM 3.39 

The solid spindle AB has a diameter d s = 1.75 in. and is made of a steel with 
G = 11.2 x 10 6 psi and r all = 12ksi, while sleeve CD is made of a brass 
with G = 5.6 x 10 6 psi and r all = 7 ksi. Determine (a) the largest torque T 
that can be applied at A if the given allowable stresses are not to be exceeded 
and if the angle of twist of sleeve CD is not to exceed 0.375°, ( b ) the 
corresponding angle through which end ,4 rotates. 


SOLUTION 

Spindle AB\ c = ^-(1.75 in.) = 0.875 in. L = 12in., r all =12ksi, G =11.2 x 10 6 psi 

J = —c 4 = — (0.875) 4 = 0.92077 in 4 
2 2 


Sleeve CD\ c x = 1.25 in., c 2 =1.5 in., L =8 in., r all = 7 ksi 

J = ~[ c 2 - c \ ) =4.1 172 in 4 , G =5.6 x 10 6 psi 
( a ) Largest allowable torque T. 


Ciriterion: Stress in spindle AB. 


T = 


T = 


— T = Jr 


J c 

(0.92077)(12) 
0.875 


= 12.63 kip -in. 


Critrion: Stress in sleeve CD. 



4.1172 in 4 
1.5 in. 


(7 ksi) 


T =19.21 kip -in. 


Criterion: Angle of twist of sleeve CD . $ = 0.375° = 6.545 x 10 3 rad 


The largest allowable torque is 
( b ) Angle of rotation of end A. 


T = (4.1172X5.6x10*) 

JG L 8 


T =18.86 kip • in. 


T = 12.63 kip • in. A 


TV. T 

&A = &AID “ &AIB + &C/D = X ‘ ' - T X j ’ 

A D; A D; 


(12.63 X 10 3 ) 


12 


(0.92077)(11.2 x 10 6 ) (4.1172)(5.6 x 10 6 ) 


= 0.01908 radians 


q> A =1.093° ◄ 
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PROBLEM 3.40 

The solid spindle AB has a diameter d s =1.5 in. and is made of a steel with 
G - 1 1.2 x 10 6 psi and r all = 12 ksi, while sleeve CD is made of a brass with 
G = 5.6 x 10 6 psi and r all = 7 ksi. Determine the angle through which end ,4 
can be rotated. 


SOLUTION 


Stress analysis of solid spindle AB: 


Stress analysis of sleeve CD: 


The smaller torque governs. 
Deformation of spindle AB: 


Deformation of sleeve CD: 


Total angle of twist: 


c = — = 0.75 in. 

2 s 

Tc Jt 7T 3 

T = T = = — TC 

J c 2 

T = y (12 x 10 3 )(0.75) 3 = 7.95 x 10 3 lb • in. 

c 2 A- do = X -0) = \.5 m . 

c 1 = c 2 - t = 1.5 - 0.25 = 1.25 in. 

J = j( C 2 ~ct) = y(l-5 4 - 1-25 4 ) = 4.1172 in 4 

r =/r = (4.1172X7 x 10- 3 ) = 19 21xlQ 3 lb -in 
c 2 1.5 

T = 7.95 x 10 3 lb • in. 
c = 0.75 in. 


J = — c 4 = 0.49701 in 4 , I = 12 in., G = 11.2 x 10 6 psi 


TL 

<Pab ~ 777 


(7.95 x 10 3 )(12) 


0.017138 radians 


GJ (11.2 x 10 X0.49701) 

J = 4.1172 in 4 , I = 8 in., G=5.6xl0 6 psi 


TL 

VCD ~ ^ j 


(7.95 x 10 3 X8) 


GJ (5.6 x 10 X4-1 172) 

(p AD = cp AB + cp CD = 0.019896 radians 


0.002758 radians 

Vad 


1.140° ◄ 
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SOLUTION 

Calculation of torques . 

T T r 

Circumferential contact force between gears B and E\ F = = — — T EF = —T AB 


Twist in shaft FE. 


Rotation at E. 


T ab =1.2 kip • in. = 1200 lb • in. 
T ef = -^-(1200) = 1600 lb • in. 


L = 12 in., c = —d = — in, G = 11.2 x 10 6 psi 
2 16 


j 71 4 71 

TL 




V 16y 


Veif - „ r 


= 57.548 X 10“ 3 in 4 
(1600X12) 


GJ (1 1.2 x 10 6 )(57.548 x 10 -3 ) 


29.789 xl0“ 3 rad 


(p E = <p E / F = 29.789 x 10 3 rad 
Tangential displacement at gear circle: 8 - r E cp E = r B cp B 

Rotation at B. 


<p B = V -^(p E = —(29.789 x 10“ 3 ) = 39.718 x 10“ 3 rad 
r R 4.5 


Twist in shaft BA. 


L = 8 + 6 = 14 in. J = 57.548 x 10“ 3 in 4 


Vm ~ 


TL 


(1200)(14) 


GJ (11.2 x 10 b )(57.548 x 10 -3 ) 


= 26.065 xlO" 3 rad 


Rotation at ^4. 


(Pa ~ <Pb + (Paib - 65.783 x 10 3 rad 


cp A = 3.77° ◄ 
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PROBLEM 3.42 

Two solid steel shafts, each of 30-mm diameter, are 
connected by the gears shown. Knowing that G = 77.2 GPa, 
determine the angle through which end A rotates when a 
torque of magnitude T = 200 N • m is applied at A. 


SOLUTION 


Calculation of torques. 


Circumferential contact force between gears B and D : F = — = — — 

r B r D 


v 90 

Tde = —T ab = ~ (200) = 300 N • m 
r B 60 

Twist in shaft DE. 

J DE = ?- c A = y(0.015) 4 = 79.522 x 10“ 9 m 4 


Tde = 0-5 m 


tp = T de l de = (300X0.5) = 24.434 xl0“ 3 rad 

GJ DE 0 77.2 x 10 9 )(79.522 x 10“ 9 ) 

Rotation at D. 

cp D = (p DE = 24.434 x 10 -3 rad 

Circumferential displacement at gear circles: S = r D cp D = r B cp B 

Rotation at B. 

(p B = -T-(p D = —(24.434 x 10“ 3 ) = 36.651 x 10“ 3 rad 
r B 60 

Twist in shaft AB. 

L ab = 0.1 + 0.2 + 0.4 + 0.2 = 0.9 m, J AB = 79.522 x 10“ 9 m 4 


<p AB = TahLab = (200X0.9) = 29.320 xl0“ 3 rad 

GJ ab {112 X 10 9 )(79.522 x 10“ 9 ) 

Rotation at ,4. 

<Pa — Vb + *Pab 


= 36.651 x 10“ 3 + 29.320 x 10“ 3 rad 


= 65.971 xlO -3 rad 3.78° ◄ 
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PROBLEM 3.43 

A coder F, used to record in digital form the 
rotation of shaft A, is connected to the shaft by 
means of the gear train shown, which consists of 
four gears and three solid steel shafts each of 
diameter d. Two of the gears have a radius r and the 
other two a radius nr. If the rotation of the coder F 
is prevented, determine in terms of 7, /, G, J , and n 
the angle through which end ,4 rotates. 
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PROBLEM 3.44 

For the gear train described in Prob. 3.43, 
determine the angle through which end A rotates 
when T = 5 lb • in., / = 2.4 in., d =1/16 in., 
G = 11.2 x 10 6 psi, and n - 2. 

PROBLEM 3.43 A coder F, used to record in 
digital form the rotation of shaft A, is connected to 
the shaft by means of the gear train shown, which 
consists of four gears and three solid steel shafts 
each of diameter d. Two of the gears have a radius r 
and the other two a radius nr. If the rotation of the 
coder F is prevented, determine in terms of T 7 , /, G, 
J , and n the angle through which end A rotates. 


SOLUTION 

See solution to Prob. 3.43 for development of equation for <p A . 

77 1 1 

9a ~ — 1 + — + — 

GJ v n n 


Data: 


T = 5 lb in., I = 2.4 in., c = —d = — in., G = 11.2 x 10 6 psi 

2 32 


o T 71 A 71 

n = 2, J = — c = — 

2 2 


— | = 1.49803 xl0“ 6 in 4 
32. 


9a 


C5)(2.4) 


(11.2xl0 b )(1.49803 xl0 _6 )' v 4 16 


1 + - + — I = 938.73 xl0“ 3 rad 


(p A = 53.8° ◄ 
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PROBLEM 3.45 

The design specifications of a 1 .2-m-long solid circular transmission shaft require that the angle of twist of 
the shaft not exceed 4° when a torque of 750 N • m is applied. Determine the required diameter of the shaft, 
knowing that the shaft is made of a steel with an allowable shearing stress of 90 MPa and a modulus of 
rigidity of 77.2 GPa. 
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PROBLEM 3.46 

The solid cylindrical rod BC of length L = 24 in. is attached to the rigid 
lever AB of length a = 15 in. and to the support at C. Design specifications 
require that the displacement of A not exceed 1 in. when a 100-lb force P is 
applied at A. For the material indicated, determine the required diameter of 
the rod. 


Steel : r a n = 15 ksi, G = 1 1.2 x 10 6 psi. 


SOLUTION 

At the allowable twist angle, 


Based on twist. 


Based on stress. 


Use larger value for design. 


sine? = — = — = 0.06667 
a 15 

cp = 3.8226° = 0.066716 rad. 

T = Pa cos cp = (100)(15)cos 3.8226° = 1496.7 lb • in. 

TL 2TL 4 2TL 

GJ 7tGc a nG(p 

= (2)(1496.7)(24) 

tt( 1 1 .2 x 10 5 )(0.066716) 

= 30.603 xl0“ 3 in 4 c = 0.418 in. 
t = — = c 3 = — (t = 15,000 psi) 

J TIC TIT 

c 3 = 2(1496,7) = 63.522 X 10" 3 in 3 c = 0.399 in. 
n(\ 5, 000) 

c = 0.399 in. d = 2c = 0.837 in. ^ 
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PROBLEM 3.47 

The solid cylindrical rod BC of length L = 24 in. is attached to the rigid 
lever AB of length a = 15 in. and to the support at C. Design specifications 
require that the displacement of A not exceed 1 in. when a 100-lb force P is 
applied at A. For the material indicated, determine the required diameter of 
the rod. 


Aluminum : r a n = 10 ksi, G - 3.9 x 10 6 psi. 


SOLUTION 

At the allowable twist angle, 


Based on twist. 


Based on stress. 


Use larger value for design. 


sin cp — — — — — = 0.06667 
a 15 

cp = 3.8226° = 0.066716 rad 

T = Pa cos cp = (1 00)(1 5) cos 3 . 8226° = 1496.7 lb • in. 

_ TL _ 2TL ' 4 _ 2TL 

^ GJ nGc* nGcp 

4 _ (2)(1496.7)(24) 

~ ^(3.9 x 10 6 )(0.066716) 

= 87.888 x 10“ 3 in 4 c = 0.544 in. 


Tc 2 T 

, 2 T 

(t = 10,000 psi) 

J 7TC 3 

c 3 = — 

nr 


2(1496.7) 
/r(l 0,000) 

= 95.283 xlO" 3 in 3 

c = 0.457 in. 

0.544 in. 


<N 

II 

^3 
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N -m 


PROBLEM 3.48 

The design of the gear-and-shaft system shown 
requires that steel shafts of the same diameter be 
used for both AB and CD. It is further required 
that r max < 60 MPa, and that the angle (f) D through 
which end D of shaft CD rotates not exceed 1.5°. 
Knowing that G = 77.2 GPa, determine the 
required diameter of the shafts. 


SOLUTION 


r 1 00 

T cd =T d = 1000 N • m T AB = T cd = (1000) = 2500N • m 

r r 40 


For design based on stress, use larger torque. 


Design based on rotation angle. 
Shaft AB: 


Shaft CD: 


c 3 = 


Tc_ 

J 

IT 


T ab = 2500 N • m 


7T_ 

3 

nc 

(2)(2500) 


= 26.526 xl0" 6 m 3 


m *(60 x 10°) 
c = 29.82 x 10 _3 m = 29.82 mm, d = 2c = 59.6 mm 
(p D = 1 . 5 ° = 26.18 xlO" 3 rad 


' AB 


2500 N • m, L = 0.4 m 
1000 


TL (2500)(0.4) 

(Par ~ — 

GJ GJ 


1000 


GJ 


Gears < 


<Pb ~ <Pab 


GJ 


(Pc = —<Pb = 


100 1 

1000) 

_ 2500 

O 

GJ J 

GJ 


T cd = 1000 N • m, L = 0.6 m 


<Pcd 


II _ (1000X0.6) _ 600 


GJ 


GJ 


GJ 

600 


2500 

<Pd=<Pc + <Pcd = + GJ 


3100 3100 


c4 = (2X3100) 


GJ 

(2)(3100) 


G fc* 


*(77.2 x 10 9 )(26.18 x 10“ 3 ) 


nGcp D 

31.435 x 10 -3 m = 31.435 mm, d - 2c 


= 976.46 xl0“ 9 m 4 


Design must use larger value for d. 


62.9 mm 

d = 62.9 mm A 
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PROBLEM 3.49 

The electric motor exerts a 
torque of 800 N • m on the 
steel shaft ABCD when it is 
rotating at constant speed. 
Design specifications require 
that the diameter of the shaft 
be uniform from A to D and 
that the angle of twist between 
A to D not exceed 1.5°. 
Knowing that r max < 60 MPa 
and G = 77.2 GPa, determine 
the minimum diameter shaft 
that can be used. 


SOLUTION 

Torques: 

Design based on stress. 

T = 


T ab = 300 + 500 = 800 N • m 
Trc ~ 500 N • m, T cd = 0 


t = 60x10° Pa 


Tc _ 2 T 
J 7TC 3 


c 3 = 


2 T 


(2)(800) = 8 . 488xl0 - 6 m 3 


7TT 7t(60 X 10 °) 


20.40 x 10 3 m — 20.40 mm, d = 2c = 40.8 mm 


Design based on deformation. 

Vdic ~ 0 


(Pdia - 1-5° = 26.18 x 10 3 rad 


^ _ T bc L bc _ (500X0.6) _ 300 

9c,b gj gj gj 


(pBiA 




GJ GJ 

Pd/a = Pdic + Pcib + Pb/a = 

(2)(620) _ (2)(620) 


(800)(0.4) _ 320 
~ GJ 

620 620 (2)(620) 


GJ Gfc 4 


c 4 = 


nGc 


= 195.292 xl0“ 9 m 4 


ttG<p d/a n{ 77.2x 10 9 )(26.18x 10“ 3 ) 

c = 21.022 x 10 _3 m = 21.022 mm, d = 2c = 42.0 mm 
Design must use larger value of d. 


d = 42.0 mm A 
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PROBLEM 3.50 

A hole is punched at A in a plastic sheet by applying a 600-N 
force P to end D of lever CD , which is rigidly attached to the 
solid cylindrical shaft BC. Design specifications require that 
the displacement of D should not exceed 15 mm from the 
time the punch first touches the plastic sheet to the time it 
actually penetrates it. Determine the required diameter of 
shaft BC if the shaft is made of a steel with G = 77.2 GPa 
and r all = 80 MPa. 


SOLUTION 

Torque : T = rP = (0.300 m)(600 N) = 180 N • m 

Shaft diameter based on displacement limit . 

8 15 mm 

cp = — = — = 0.005 rad 




r 300 mm 
TL 2TL 


GJ ttGc 4 


c4 = = (WO-SOO) = 14.843 x 10“ 9 m 4 


nGcp k{11 2 x 10 y )(0.05) 

c = 11.038 x 1 0 3 m = 11.038 m d = 2c = 22.1 mm 
Shaft diameter based on stress. 


Tr 9T 

r = 80 x 10 6 Pa r = — = — - 
J KC 

c 3 = — = (2)(180 l = 1.43239 X 10 -6 m 3 


m ^(80 x 10°) 
c = 11.273 x 1 0 3 m = 11.273 mm d = 2c = 22.5 mm 

Use the larger value to meet both limits. 


d = 22.5 mm 4 
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PROBLEM 3.51 

The solid cylinders AB and BC are bonded together at B and are 
attached to fixed supports at A and C. Knowing that the modulus of 
rigidity is 3.7 x 10 6 psi for aluminum and 5.6 x 10 6 psi for brass, 
determine the maximum shearing stress ( a ) in cylinder AB, ( b ) in 
cylinder BC. 


SOLUTION 

The torques in cylinders AB and BC are statically indeterminate. Match the rotation cp B for each cylinder. 


Cylinder AB : 


c = —d = 0.75 in. 
2 


L = 12 in. 


J=*c 4 


9b 


t ab l 


0.49701 in 4 
T A b( 12 ) 


GJ (3.7 x 10 b )(0.49701) 


6.5255 x 10 ~ 6 T, 


AB 


Cylinder BC \ 


c = —d = 1.0 in. 
2 


L = 1 8 in. 


j = ?-c 4 = — (1.0) 4 = 1.5708 in 4 
2 2 


<Pb 


Tb<A 


T bc ( 18 ) 


GJ (5.6 x 1 0 6 )(1 .5708) 


2.0463 x KF'T, 


BC 


Matching expressions for (p B \ 6.5255 x 10 6 T AB = 2.0463 x 10 6 T BC 


T bc = 3.1889 7^ 


( 1 ) 


Equilibrium of connection at B : 


Tab + T bc ~ T - 0 


T = 12.5 x 10 3 lb • in. 


T ab + T bc = 12.5 x 10 J 


( 2 ) 
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PROBLEM 3.52 

Solve Prob. 3.51, assuming that cylinder AB is made of steel, for 
which G - 1 1.2 x 10 6 psi. 

PROBLEM 3.51 The solid cylinders AB and BC are bonded together 
at B and are attached to fixed supports at A and C. Knowing that the 
modulus of rigidity is 3.7 x 10 6 psi for aluminum and 5.6 x 10 6 psi for 
brass, determine the maximum shearing stress (a) in cylinder AB , 
( b ) in cylinder BC. 


SOLUTION 


The torques in cylinders AB and BC are statically indeterminate. Match the rotation (p B for each cylinder. 


Cylinder AB : 


c = 
<Pb = 


-d = 0.75 in. L = 12 in. 

2 

T ab L _ 12 ) 

GJ (1 1.2 x 10 6 )(0.49701) 


J = —c 4 = 0.49701 in 4 
2 

= 2.1557 x 10 -6 T ab 


Cylinder BC \ 


c = —d = 1.0 in. L = 18 in. 

2 

, T bc L T bc (\ 8) 

B GJ (5.6 xl0 6 )(l. 5708) 


J = -c 4 = -(1.0) 4 = 1.5708 in 4 
2 2 

= 2.0463 x 10" 6 r sc 


Matching expressions for <p B : 2.1557 x 10 6 T AB = 2.0463 x 10 6 T BC T BC = 1.05357^ 

Equilibrium of connection at B : T AB + T BC - T = 0 T AB + T BC = 12.5 x 10 3 

Substituting (1) into (2), 2.05357^ = 12.5 x 10 3 

T ab = 6.0872 x 10 3 lb • in. T BC = 6.4128 x 10 3 lb • in. 

(a) Maximum stress in cylinder AB . 


t ab ~ 


_ 7^c _ (6.0872 x HrXO/75) 


J 


0.49701 


= 9.19 x 10 3 psi 


L AB 


(b) Maximum stress in cylinder BC . 


r BC 


T BC C 


J 


(6.4128 x 10 3 )(1.0) 
1.5708 


4.08 x 10 3 psi 


r BC 


( 1 ) 

( 2 ) 


9.19 ksi ◄ 


4.08 ksi ◄ 
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PROBLEM 3.53 

The composite shaft shown consists of a 0.2-in.-thick brass 
jacket (G = 5.6 x 10 6 psi) bonded to a 1.2-in.-diameter steel core 
(Ggteei = 11.2 x 10 6 psi). Knowing that the shaft is subjected to 
5 -kip • in. torques, determine (a) the maximum shearing stress in 
the brass jacket, (b) the maximum shearing stress in the steel 
core, (c) the angle of twist of end B relative to end A 


SOLUTION 

Steel core: 


Ci = —d = 0.6 in. 

2 

./, = y Cl 4 = y (0.6) 4 = 0.20358 in 4 
G X J X = (11.2 x 10 6 )(0.20358) = 2.2801 x 10 6 lb • in 2 


Torque carried by steel core . 
Brass jacket: 


T \ = c,/, 


9 


Cj + t = 0.6 + 0.2 = 0.8 in. 




(c 2 4 -C, 4 ) = ^( 0.8 4 - 0.6 4 ) 


0.43982 in 4 


G 2 J 2 = (5.6 x 10 6 )(0.43982) = 2.4630 x 10 6 lb • in 2 


Torque carried by brass jacket . T 2 


G 2 J 2 


Total torque: 


t = t ] + t 2 = (G,J, + G 2 J 2 )^ 

cp T 5x10 

~L 


3 


G\J\ + G 2 j 2 


2.2801 x 10 6 + 2.4630 x 10 6 


= 1.05416 xl0“ 3 rad/in. 

(a) Maximum shearing stress in brass jacket . 

Tnax — ^2/] 


max = G 2 c 2 ^ = (5.6 x 10 6 )(0.8)(1.05416 x 10“ 3 ) 


= 4.72 xlO 3 psi 

(6) Maximum shearing stress in steel core . 

W = G irnm = G x c^ = (11.2 x 10 6 )(0.6)(1.05416 x 10“ 3 ) 

= 7.08 x 10 3 psi 

(c) Angle of twist . (Z = 6 ft = 72 in.) 

(p = L^j- = (72)(1.0542 x 10" 3 ) = 75.9 x 10 _3 rad 

= 4.35° 


4.72 ksi ◄ 


7.08 ksi ◄ 


◄ 
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PROBLEM 3.54 

The composite shaft shown consists of a 0.2-in.-thick brass 
jacket (G = 5.6 x 10 6 psi) bonded to a 1.2-in.-diameter steel 
core (G s teei = 11.2 x 10 6 psi). Knowing that the shaft is being 
subjected to the torques shown, determine the largest angle 
through which it can be twisted if the following allowable 
stresses are not to be exceeded: r ste ei = 15 ksi and rb ras s = 8 ksi. 


SOLUTION 


Steel core: 


Brass jacket: 


Smaller value governs. 
Allowable angle of twist: 


T — Gv — Gc 

‘'max / max w ^max 


P all 

L 


‘all 


Gc„ 


for each material. 


1 


r all = 15 ksi = 15,000 psi, c max = — d = 0.6 in. 


Pall . 


15,000 


(11.2 x 10 b )(0.6) 


= 2.2321 x 10“ 3 rad/in. 


‘all 


8 ksi = 8000 psi, c max = 0.6 + 0.2 = 0.8 in. 


Pall _ 


8000 


= 1.78571 x 10 3 rad/in. 


L (5.6 x 10 b )(0.8) 

^ = 1.78571 xlO" 3 rad/in. 

L 

1 = 6 ft = 72 in. 

Pall = = ( 72 )0- 78571 x 10 ” 3 ) = 128.571 x 10 -3 rad 


7.37° 


◄ 
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PROBLEM 3.55 

Two solid steel shafts (G = 77.2 GPa) are connected to a coupling disk B and 
to fixed supports at A and C. For the loading shown, determine (a) the 
reaction at each support, ( b ) the maximum shearing stress in shaft AB , (c) the 
maximum shearing stress in shaft BC. 


SOLUTION 


Shaft AB: 


T = T AB , L ab = 0.200 m, c - —d = 25 mm = 0.025 m 


J 


AB - yc 4 = y(0.025) 4 = 613.59 x 10“ 9 m 4 


<Pb 


TabLab 
GJ ab 


T _ gj ab 

1 AB - J 

L AB 


(77.2 x 10 y )(613.59 x 10" 9 ) „ £OAn rA s 

— ~(p R = 236.847 x 10 

0.200 


< 'Pb 


Shaft BC: 


T = T bc , L bc = 0.250 m, c = —d = 19 mm = 0.019 m 


J BC = | c 4 = y (0.019) 4 = 204.71 x 10“ 9 m 4 


(Pb 


TjkAbc 


GJ 


BC 


GJ 


L BC 


BC 


u BC 


(77.2xl0 9 )(204.71 xl0- 9 ) ^ 01/1 in3 

c Or, = — = 63.214 x 10 cp n 

0.250 


Equilibrium of coupling disk . T = T AB + T l 


BC 

1.4 x 10 3 = 236.847 x 10 3 ^ + 63.214 x 10 3 ^ cp B = 4.6657 x 10“ 3 rad 
T ab = (226 Ml x 10 3 )(4.6657 x 10“ 3 ) = 1.10506 x 10 3 N • m 

->-3n 


T bc = (63.214 x 10 )(4.6657 x 10" j ) = 294.94 N • m 
(a) Reactions at supports . 


T 4 = T ab = 1105N-m ◄ 


T c =T BC = 295 N • m ◄ 


(. b ) Maximum shearing stress in AB . 


Tab = T A b 1= (1.10506x 100(0,025) = 45 Q x 1()6pa 


J 


AB 


613.59 x 10“ 9 


1 AB 


45.0 MPa ◄ 


(c) Maximum shearing stress in BC . 


t bc ~ 


_ Tgcc _ (294,94X0.019) _ 


J 


BC 


204.71 x 10 


i-9 


= 27.4 x 10° Pa 


t bc = 27.4 MPa ◄ 
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PROBLEM 3.56 

Solve Prob. 3.55, assuming that the shaft ,45 is replaced by a hollow shaft 
of the same outer diameter and 25-mm inner diameter. 

PROBLEM 3.55 Two solid steel shafts (G = 77.2 GPa) are connected to 
a coupling disk B and to fixed supports at A and C. For the loading 
shown, determine (a) the reaction at each support, ( b ) the maximum 
shearing stress in shaft AB , (c) the maximum shearing stress in shaft BC. 


SOLUTION 

Shaft AB: 


T - T ab , L ab = 0.200 m, c 2 = 25 mm = 0.025 m 


Ci = 


J 


AB 


l AB 


12.5 mm = 0.0125 m 

— (c 4 2 - c 4 | = — (0.025 4 - 0.0125 4 ) = 575.24 x 10" 9 m 4 


GJ 


AB 


L 


<Pb 


(112 x 10 9 )(575.24 x 10“ 9 ) . . , n3 

v 7V ’-(p B = 222.04 x \0 (p B 


'AB 


0.200 


Shaft BC: 


1 


T = T bc , L bc = 0.250 m, c = —d = 19 mm = 0.019 m 


J bc ~ 


—c 4 = — (0.019) 4 = 204.71 x 10“ 9 m 
2 2 


Tbc ~ 


GJ 


(77.2xl0 y )(204.71xl0“ 9 ) 


~^<Pb = 


^ BC 


0.250 


<p B = 63.214 x 10 3 (p B 


Equilibrium of coupling disk : T = T AB + 


BC 

1.4 x 10 3 = 222.04 x 10V fi + 63.214 x 10 3 ^ s 
cp B = 4.9079 x 10" 3 rad 

T ab = (222.04 x 10 3 )(4.9079 x 10“ 3 ) = 1.08975 x 10 3 N • m 
T bc = (63.214 x 10 3 )(4.9079 x 10“ 3 ) = 310.25 N • m 


(< a ) Reactions at supports : 


(b) Maximum shearing stress in AB : 


_ _ (1.08975 x 10 3 )(0.Q25) 

TAB ~ j ab ~ 575.243 x 10" 9 


= 47.4x10° Pa 


(c) Maximum shearing stress in BC \ 


t bc ~ 


_ _ (310.25)(0.019) _ 


J 


BC 


204.71 x 10“ 9 


= 28.8x10° Pa 


T a = T ab = 1090 N • m ◄ 
T c = T bc = 310 N • m ◄ 

t ab = 47 - 4 MPa < 
t bc = 28.8 MPa -4 
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PROBLEM 3.57 

Two solid steel shafts are fitted with flanges that are then 
connected by bolts as shown. The bolts are slightly 
undersized and permit a 1.5° rotation of one flange with 
respect to the other before the flanges begin to rotate as a 
single unit. Knowing that G = 77.2 GPa, determine the 
maximum shearing stress in each shaft when a torque of T 
of magnitude 500 N • m is applied to the flange indicated. 

The torque T is applied to flange B. 


SOLUTION 

Shaft AB: 


T = T ab , L = 0.6 m, c = —d = 0.015 m 
J AB = yc 4 = y(0.015) 4 = 79.522 x 10“ 9 m 4 


<Pb = 


TabLab 

Gab-Jab 


Tab = = 


(77.2 x 10 9 )(79.522 x 10" 9 ) 


10.2318 x 10 Vs 


Shaft CD: 


0.6 


< Vb 


n 


n 


T = T cd , L cd = 0.9 m, c = —d = 0.018 m, J CD = —c = —(0.018) 


J CD = 164.896 x 10 _9 m 4 


GrnJi 


L CD 


CD J CD 


^ CD 


(' 77.2 x 10 9 )(1 64.896 x 10" 9 ) ...... in3 

= 1 —^Pc = 14-1444 x 10> c 

0.9 


Clearance rotation for flange ^ = 1.5° = 26.178 x 10 -3 rad 

Torque to remove clearance: V AB = (10.2318 x 10 _3 )(26.178 x 10 -3 ) = 267.85 N • m 

Torque T " to cause additional rotation cp” : T" = 500 - 267.85 = 232.15 N • m 


rpff rpff rjiff 

1 ~ J AB + J CD 


232.15 = (10.2318 x 10 3 + 14.1444 x 10 3 )^" qf = 9.5236 x 10 _3 rad 

= (10.2318 x 10 3 )(9.5236 x 10“ 3 ) = 97.444 N • m 
T", d = (14.1444 x 10 3 )(9.5236 x 10“ 3 ) = 134.706 N • m 
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PROBLEM 3.58 

Two solid steel shafts are fitted with flanges that are then 
connected by bolts as shown. The bolts are slightly 
undersized and permit a 1.5° rotation of one flange with 
respect to the other before the flanges begin to rotate as a 
single unit. Knowing that G = 77.2 GPa, determine the 
maximum shearing stress in each shaft when a torque of T 
of magnitude 500 N • m is applied to the flange indicated. 

The torque T is applied to flange C. 


SOLUTION 

Shaft AB: 


Tab> L A b 


0.6 m, c - —d = 0.015 m 
2 


J AB ~ 


<Pb = 


Tab ~ 


-A = — (0.015) 4 = 79.522 x 10“ 9 m 4 
2 2 

^abAab 


GabJab 

Aab£ab 


<Pb = 


(77.2 x 10 9 )(79.522 x 10" 9 ) 


-‘AB 


0.6 


(Pb 


= 10.2318 x 10 3 <p B 


Shaft CD: 


^CD’ L cd 


0.9 m, c 


0.018 m J, 


TC 4 AT 


CD 


(0.01 8) 4 




CD 


164.896 xl0“ 9 m 4 


Tcd ~ 


G CD J CD (pc = (77.2X10^(164.896X10-) ^ = ^ ^ x 1Q 3^ 


L, 


CD 


0.9 


Clearance rotation for flange C: <p' c = 1.5° = 26.178 x 10 3 rad 

Torque to remove clearance: T^ D = (14.1444 x 10 3 )(26.178 x 10 -3 ) = 370.27 N • m 

Torque T" to cause additional rotation <p" : T" = 500 - 370.27 = 129.730 N • m 


t" = r AB + r CD 


129.730 = (10.2318 x 10 3 + 14.1444 x 10 3 V' <p" = 5.3220 x 10“ 3 rad 

= (10.2318 x 10 3 )(5.3220 x 10" 3 ) = 54.454 N • m 
T” CD = (14.1444 x 10 3 )(5.3220 x 10“ 3 ) = 75.277 N • m 
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PROBLEM 3.59 

The steel jacket CD has been attached to the 40-mm-diameter steel 
shaft AE by means of rigid flanges welded to the jacket and to the 
rod. The outer diameter of the jacket is 80 mm and its wall thickness 
is 4 mm. If 500-N • m torques are applied as shown, determine the 
maximum shearing stress in the jacket. 


SOLUTION 


Solid shaft: 


Jacket: 


c = —d = 0.020 m 
2 

J s = yc 4 = y(0.020) 4 = 251.33 x 10" 9 m 4 

c 7 = —d = 0.040 m 
2 2 

c) = c 2 - t = 0.040 - 0.004 = 0.036 m 
Jj = y (4 - q 4 ) = y (0.040 4 - 0.036 4 ) 

= 1.3829 xl0" 6 m 4 


Torque carried by shaft . 
Torque carried by jacket . 


T s — GJ y cp/L 
Tj = GJjCpIL 


Total torque . 


T = T S +Tj =(J s+ J J )G<p/L .-. = 

p (1.3829 x 10" 6 )(500) 


J s + 


Jj 

Jo + J T 


1.3829 xl0“ 6 + 251.33 xl0“ 6 


423.1 N • m 


Maximum shearing stress in jacket . 


t = T^ = (423.1X0.040) = 1224xlQ6pa 
Jj 1.3829 xl0“ 6 


12.24 MPa ◄ 
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PROBLEM 3.60 

A torque T is applied as shown to a solid tapered shaft AB. Show by 
integration that the angle of twist at A is 

. 1TL 
6 — 

\2nGc 4 


SOLUTION 


Introduce coordinate y as shown. 


Twist in length dy\ 


r 


cy_ 

L 


_ Tdy _ Tdy _ 2TL 4 dy 

(P ~ GJ ~ G ^ r 4 ~ nGc 4 y 4 
2 


p 2 l 2TL 4 dy 

2 TL rn dy 


L kGc 4 y 4 

kGc 4 l y 4 


2TL 4 1 

\ i 

A 27 X 4 f 

1 

ttGc 4 ] 

l 3 ^ 3 

\l 

24Z 3 

2 TL 4 \ 

f 7 1 

l _ 1TL 


7tGc 4 1 

[24 L\ 

1 ” 12 ttGc 4 





◄ 
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PROBLEM 3.61 

The mass moment of inertia of a gear is to be determined experimentally by 
using a torsional pendulum consisting of a 6-ft steel wire. Knowing that 
G = 1 1.2 x 10 6 psi, determine the diameter of the wire for which the torsional 
spring constant will be 4.27 lb • ft/rad. 


SOLUTION 


Torsion spring constant K 

= 4.27 lb • ft/rad = 5 1 .24 lb • in./rad 

_T _ T _ GJ _ xGc 4 
~ <p ~ TL/GJ L ~ 2L 

c4 = 2 ^ = (2X72X51.24) = 2097xl0 _ 6 . n4 

u G ;r(l 1.2 x 10 6 ) 

c = 0.1203 in. d = 2c = 0.241 in. ◄ 
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PROBLEM 3.63 

An annular plate of thickness t and modulus G is used to 
connect shaft AB of radius r x to tube CD of radius r 2 . Knowing 
that a torque T is applied to end A of shaft AB and that end D 
of tube CD is fixed, (a) determine the magnitude and location 
of the maximum shearing stress in the annular plate, ( b ) show 
that the angle through which end B of the shaft rotates with 
respect to end C of the tube is 


Vbc 


1 


4 nGt 


1 


'2 
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PROBLEM 3.64 

Determine the maximum shearing stress in a solid shaft of 1.5-in. diameter as it transmits 75 hp at a speed of 
(a) 750 rpm, ( b ) 1500 rpm. 


SOLUTION 



c = ^d = 0.75 in. P = 75 hp = (75)(6600) = 495 x 10 3 lb • in./s 


(a) 

f = — = 12.5 Hz 
60 



T = P = 495 X 10 = 6.3025 x 10 3 lb • in. 
2nf 2^(1 2.5) 



t = Tc = 2P = ( 2 X6- 3025 x 1° 3) = 9 5i x i 0 3 p si 
J nc 3 ^-(0.75) 3 

t - 9.51 ksi A 

(b) 

/= 1500 = 25 Hz 
60 



T = 495 x 10 = 3 1513 xl0 3 lb . in 
2^(25) 



(2)(3 .1513 x 10 3 ) 3 . 

t = wv , 7 = 4.76 x 10 3 psi 

^•(0.75) 3 

t = 4.76 ksi 4 
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PROBLEM 3.65 

Determine the maximum shearing stress in a solid shaft of 12-mm diameter as it transmits 2.5 kW at a 
frequency of ( a ) 25 Hz, ( b ) 50 Hz. 


SOLUTION 


(a) f = 25 Hz. 


c = -d = 6 mm = 0.006 m P = 2.5 kW = 2500 W 
2 

T = = 2500 = 15.9155 N • m 


T = 


In f 2n(25) 

K_2T^_ 2(15.9155) 
J ~ xc 3 ~ ^(0.006) 3 


= 46.9 x 10 Pa 


t = 46.9 MPa ◄ 


o b ) / = 50 Hz. 


T = 2500 = 7.9577 N • m 


T = 


2^(50) 

2(7.9577) 

;r(0.006) 3 


= 23.5 x 10 Pa 


r = 23.5 MPa ◄ 
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PROBLEM 3.66 


Using an allowable shearing stress of 4.5 ksi, design a solid steel shaft to transmit 12 hp at a speed of 
( a ) 1200 rpm, ( b ) 2400 rpm. 
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PROBLEM 3.67 


Using an allowable shearing stress of 50 MPa, design a solid steel shaft to transmit 15 kW at a frequency of 
(a) 30 Hz, (b) 60 Hz. 
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PROBLEM 3.68 

While a steel shaft of the cross section shown rotates at 120 rpm, 
a stroboscopic measurement indicates that the angle of twist is 
2° in a 4-m length. Using G = 77.2 GPa, determine the power 
being transmitted. 


SOLUTION 

Twist angle: <p = 2° = 34.907 x 10 -3 rad 

Ci = —cL = 0.015 m 
1 2 1 

c 7 = — d 7 = 0.0375 m 

2 2 2 

J = _ c . 4 j = y( 0 .0375 4 - 0.015 4 ) 

J = 3.0268 xl0“ 6 m 4 , I = 4m 

_TL_ GJjp (77.2 x 10 9 )(3.0268 x 10~ 6 )(34.907 x 10~ 3 ) 

<P ~~GJ ~~T~ 4 

T = 2.0392 x 10 3 N • m 

/ = 120 rpm = Hz = 2 Hz 
60 

P = (2nf)T = 2^(2)(2.0392 x 10 3 ) = 25.6 x 10 3 W = 25.6 kW ◄ 
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PROBLEM 3.69 

Determine the required thickness of the 50-mm tubular shaft of Concept Application 3.7 if it is to transmit the 
same power while rotating at a frequency of 30 Hz. 
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PROBLEM 3.70 


A steel drive shaft is 6 ft long and its outer and inner diameters are respectively equal to 2.25 in. and 1.75 in. 
Knowing that the shaft transmits 240 hp while rotating at 1800 rpm, determine ( a ) the maximum shearing 
stress, ( b ) the angle of twist of the shaft (G = 1 1.2 x 10 6 psi). 
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SOLUTION 


c? = —d 7 = 30 mm 

2 2 2 


c, = —d, = 12.5 mm 
1 2 1 


J = y( c 2 ~ c i) = ~[(30) 4 - (12.5) 4 ] 


= 1.234 x 10 6 mm 4 = 1.234 x 10" 6 m 4 
r m = 50 x 10 6 Pa 

r = I^ = (50xl0 6 )(1.234xlQ- 6 ) = 2056 7N m 


Angular speed: 


J c 30 x 10“ 

/ = 240 rpm = 4 rev/sec = 4 Hz 


(a) Power being transmitted . P = 2 nfT = 2^-(4)(2056.7) = 51.7 x 10 3 W 


(. b ) Angle of twist . 


(p = 


TL 


(2056.7)(5) 


GJ {11 2 x 10 y )(l .234 x 10 -6 ) 


= 0.1078 rad 


P = 51.7 kW ◄ 


<p = 6.17° ◄ 
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PROBLEM 3.72 

A steel pipe of 3.5-in. outer diameter is to be used to transmit a torque of 
3000 lb • ft without exceeding an allowable shearing stress of 8 ksi. A series 
of 3. 5 -in. -outer-diameter pipes is available for use. Knowing that the wall 
thickness of the available pipes varies from 0.25 in. to 0.50 in. in 0.0625-in. 
increments, choose the lightest pipe that can be used. 


SOLUTION 

T = 3000 lb • ft = 36 x 10 3 lb • in. 
c 0 = — d n = 1.75 in. 

2 2 o 

_ Tc 2 _ 2T c 2 

J - Cj 4 ) 

ct = 4 =L75 4 _ (2X36x1 o^) = 43655in4 

n t ;t(8 x 10 3 ) 

c x =1.4455 in. 

Required minimum thickness: t = c 2 - c } 
t = 1.75 -1.4455 = 0.3045 in. 

Available thicknesses: 0.25 in., 0.3125 in., 0.375 in., etc. 

Use t = 0.3125 in. A 
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PROBLEM 3.73 

(>. 

mm 


| The design of a machine element calls for a 40-mm-outer-diameter 
i ) c k shaft to transmit 45 kW. (a) If the speed of rotation is 720 rpm, 

| determine the maximum shearing stress in shaft a. ( b ) If the speed of 

rotation can be increased 50% to 1080 rpm, determine the largest inner 
diameter of shaft b for which the maximum shearing stress will be the 
same in each shaft. 

(a) 



(b) 


SOLUTION 

720 

(a) / = = 12 Hz 

60 

P = 45 kW = 45 x 10 3 W 


3 


45 x 10 


2k f 2 ^( 12 ) 

1 


596.83 N • m 


c = —d = 20 mm = 0.020 m 
2 


Tc IT (2)(596.83) An AnA 

t = — = — = = — / = 47.494 x 10 6 Pa 

J nc 3 ;r(0.020) 3 

= 1080 = 18 Hz 
60 


T = 


45 x 10- 5 
2^(18) 


J 


= 397.89 N • m 


27c, 


( 4 - 4 ) 


TT 


2Tc~, 


7TT 


cf = 0.020 


(2)(397.89)(0.020) 
^■(47.494 x 10 6 ) 


53.333 x 10“ 


Cj = 15.20 x 10 3 m = 15.20 mm 


Vax = 47 ' 5 MPa ^ 


= 2 q = 30.4 mm ^ 
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150 mm 


150 mm 


60 mm 


60 mm 


PROBLEM 3.74 

Three shafts and four gears are used to form a gear train that will 
transmit power from the motor at A to a machine tool at F. (Bearings for 
the shafts are omitted in the sketch.) The diameter of each shaft is as 
follows: d AB = 1 6 mm, d CD =20 mm, d EF = 28 mm. Knowing that the 
frequency of the motor is 24 Hz and that the allowable shearing stress 
for each shaft is 75 MPa, determine the maximum power that can be 
transmitted. 


SOLUTION 


r all = 75 MPa =75 x 10 Pa 


Shaft AB: 


c AB = — d An =0.008 m t = T° ab _ ^ 


l AB ■ 


J 


AB 


nc 


AB 


Shaft CD\ 


T a ii = r all = |(0.008) 3 (75 x 10 6 ) = 60.319 N • m 

f AB = 24 Hz P all = 27if AB T lM =2^(24)(60.3 19) = 9.10 x 10 3 W 
Cqy) ~ d ' ~ 0.010 m 


t= 1Acd = JT_ . raii= 5 c 3 Draii= ^ (0 .0l0) 3 (75xl0 6 ) = 117.81N-m 

d CD TCCrr\ 2 2 


L CZ) 

60 


fcD = -/^ s =— (24) =9.6 Hz P M =2nf CD T M = 2^(9.6)(1 17.81)=7.1 1 x 10^ W 
/>• 150 


Shaft 


c EF — d E p — 0.014 m 


= ycipTa 11 = f (0.014) 3 (75 X 10 6 ) = 323.27 N • m 

y 00 

/ £ f=— /cd=ttt (9.6)=3.84Hz 
r E 150 

P. M =27if EF T M =2^-(3.84)(323.27) = 7.80x10 3 W 

Maximum allowable power is the smallest value. P all = 7.1 lx 10 3 W = 7.11 kW ◄ 
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150 mm 



60 mm 


PROBLEM 3.75 

Three shafts and four gears are used to form a gear train that will 
transmit 7.5 kW from the motor at A to a machine tool at F. (Bearings 
for the shafts are omitted in the sketch.) Knowing that the frequency of 
the motor is 30 Hz and that the allowable stress for each shaft is 60 
MPa, determine the required diameter of each shaft. 


SOLUTION 


P = 7.5 kW = 7.5 x 10 3 W r all = 60 MPa = 60 x 10° Pa 


Shaft AB\ 


Jab = 30 Hz T 


Tc 


AB 


AB 


2T 


7.5 x 10" 


2 nf AB 2t:(30) 


= 39.789 N • m 


J, 


' AB nc AB 

j (2)(39.789) 

~ AB ~ 460 x 10 6 ) ~ 


-AB 


2 T 


nr 


422.17 xl0“ 9 m 3 


c AB = 7.50 x 10 3 m = 7.50 mm 


l AB ~^ U AB 


2 c jr , = 15.00 mm -4 


Shaft CD: 


60 

150 


fcD = -Jab = 7777 (30) = 12 Hz T CD 


7.5 x 10" 


2k/ cd 2n(l2) 


-- 99.472 N • m 


Tc rn 2 T 3 2 T rn 2(99.472) , „„„ 1rt _ 6 3 

‘ cd—t L = — r- •' C CD=— = 772 J = 1.05543 x 10 6 m 3 


J, 


CD 


TIC, 


CD 


7TT 71(60x10°) 


Shaft EF: 


c CD =\0. 18x10 3 m = 1 0. 1 8 mm 


v 60 

Jef=— J cv = —(^)= 4. Miz T t 


d CD = 2 c CD = 20.4 mm ^ 
7.5 x 10 3 


Tc 


EF 


150 

2T 


EF 


2nf EF 231(4.8) 


= 248.68 N • m 


J 


EF 


TIC 


EF 


3 (2)(248.68) 

CEF ~ 3i(60 x 10 6 ) 


: 2.6886 xl0“ 6 m 3 


c EF =13.82 x 10 3 m =13.82 mm 


d — 2 Cpf? — 27.6 mm 


-EF 
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PROBLEM 3.76 

The two solid shafts and gears shown are used to 
transmit 16 hp from the motor at A operating at a speed 
of 1260 rpm to a machine tool at D. Knowing that each 
shaft has a diameter of 1 in., determine the maximum 
shearing stress (a) in shaft AB , ( b ) in shaft CD. 


SOLUTION 

(a) Shaft AB : 


0 b ) Shaft CD \ 


P = 16 hp = (16)(6600) = 105.6 x 10 3 lb • in./sec 
1260 


/ 


21 Hz 


105.6 x 10 


AB 


60 

P 

2 .71 f ~ 2tt(21) 

c = —d = 0.5 in. 

2 

Tc 2T 
J nc z 
(2)(800.32) 


800.32 lb • in. 


T = 


;r(0.5) 3 


4.08 x 10 3 psi 


^cd ~ 


T ab = -(800.32) = 1.33387 x 10 3 lb • in. 


T = 


IT (2X1.33387 x 10 3 ) 


nc 


^■(0.5) 3 


= 6.79 x 10 3 psi 


t A b = 4-08 ksi -4 


t cd = 6-79 ksi -4 
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PROBLEM 3.77 

The two solid shafts and gears shown are used to 
transmit 16 hp from the motor at A, operating at a speed 
of 1260 rpm, to a machine tool at D. Knowing that the 
maximum allowable shearing stress is 8 ksi, determine 
the required diameter (a) of shaft AB , ( b ) of shaft CD. 


SOLUTION 

(a) Shaft AB : 


o b ) Shaft CD \ 


P = 16 hp = (16)(6600) = 105.6 x 10 3 lb • in./sec 
1260 


/ 


60 


21 Hz 


t = 8 ksi = 8 x 10 3 psi 


L AB 


105.6 xlO 3 


2 nf 2n(2X) 

Tc_ _ 2T_ 

J 7TC 3 


800.32 lb • in. 


c = J (2)(800.32) = 
]j 7T( 8 X 10 3 ) 
d AB =2 c = 0.799 in. 


0.399 in. 


T cd = T ab = -(800.32) = 1.33387 x 10" lb • in. 


2 T _ (2)(1. 33387 x 10 3 ) 


a-(8 x 10 3 ) 


0.473 in. 


l CD 


2 c = 0.947 in. 


d AB = 0.799 in. A 


d CD = 0.947 in. A 
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PROBLEM 3.78 

The shaft-disk-belt arrangement shown is used to transmit 3 hp from point A to 
point D. (a) Using an allowable shearing stress of 9500 psi, determine the required 
speed of shaft AB. ( b ) Solve part a , assuming that the diameters of shafts AB and 
CD are, respectively, 0.75 in. and 0.625 in. 


r = 4j in. 
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PROBLEM 3.79 

A 5-ft-long solid steel shaft of 0.875-in. diameter is to transmit 18 hp between a motor and a machine tool. 
Determine the lowest speed at which the shaft can rotate, knowing that G - 1 1.2 x 10 6 psi, that the maximum 
shearing stress must not exceed 4.5 ksi, and the angle of twist must not exceed 3.5°. 


SOLUTION 

L - 5 ft = 60 in. c = —d = 0.4375 in. P = 18 hp = 1 18.8 x 10 3 lb • in./s 
2 

Tc 2 T 

Stress requirement . r = 4.5 ksi = 4.5 x 10 3 psi t = — = — - 

J 7TC 

T = £ tc 3 = “ (4.5 x 10 3 )(0.4375) 3 = 591.92 lb • in. 

TL 

Twist angle requirement . <p = 3.5° = 61.087 x 10 -3 rad cp = 

GJ 

_ GJ(p_ _ ttGc\ _ ^-(11.2 x 10 6 )(0.4375) 4 (6 1.087 x 10~ 3 ) 

L ~ 2L (2X60) 

= 656.21 lb -in. 

Maximum allowable torque is the smaller value. T = 591.92 lb • in. 

P = 2nfT / = -^-= 118-8 x 10 = 31.943 Hz / = 1917rpm^ 

2 nT 2^(591.92) 
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PROBLEM 3.80 

A 2.5-m-long steel shaft of 30-mm diameter rotates at a frequency of 30 Hz. Determine the maximum power 
that the shaft can transmit, knowing that G = 77.2 GPa, that the allowable shearing stress is 50 MPa, and that 
the angle of twist must not exceed 7.5°. 


SOLUTION 

c = —d = 15 mm = 0.015 m L = 2.5 m 
2 

Stress requirement. 

t = 50 x 10 6 Pa t = — 

J 


T = — = — TC 3 = —(50 X 10 6 )(0.015) 3 = 265.07 N • m 
c 2 2 

Twist angle requirement. 

<p = 7.5° = 130.90 x 10“ 3 rad G = 77.2 x 10 9 Pa 
TL 2TL 

(P ~ GJ~ nGc A 


T = y Gc 4 <p = y(77.2 x 10 9 )(0.015) 4 (130.90 x 10“ 3 ) = 803.60 N • m 

Smaller value of T is the maximum allowable torque. 


T = 265.07 N • m 

Power transmitted at f = 30 Hz. 


P = 2 .n fT = 2^(30)(265.07) = 49.96 x 10 3 W P = 50.0 kW ◄ 
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PROBLEM 3.81 

The design specifications of a 1 .2-m-long solid transmission shaft require that the angle of twist of the shaft 
not exceed 4° when a torque of 750 N • m is applied. Determine the required diameter of the shaft, knowing 
that the shaft is made of a steel with an allowable shearing stress of 90 MPa and a modulus of rigidity of 
77.2 GPa. 
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SOLUTION 

L = 1.5 m, q> = 3° = 52.360 x 10“ 3 rad 
c 2 = ^ d Q = 19 mm = 0.019 m, q = ^ d i = 15 mm = 0.015 m 

J = - Cj 4 ) = y(0.019 4 - 0.0 1 5 4 ) = 125.186 x 10“ 9 m 4 

Stress requirement . r = 60 x 10 6 Pa r = 

r = yr = (125.186 xl0- 9 )(60x 10^) = 395 32N m 
c 2 0.019 

TL 

Twist angle requirement , cp = 

GJ 

T = GJcp_ = (77.2 x 10 9 )(125.186 x 1Q- 9 )(52.36Q x 10~ 3 ) = 33y 35 N 

Z 1.5 m 

Maximum allowable torque is the smaller value. T = 337.35N-m 

Power transmitted : P = 100 kW = 100 x 10 3 W P = 2nfT 

Freauencv: f = = 100x10 = 47.2 Hz f = 47.2 Hz ◄ 

2 ttT 2^(337.35) 
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SOLUTION 


L = 1.5 m c 2 = —d 0 = 19 mm = 0.019 m 
r = 65 x 10 6 Pa q> = 4° = 69.813 x 10“ 3 rad 




Stress requirement . 


_ _ 
T ~ ~T ~ 


27b, 


(4 - 4 ) 


K 


4 C? 


TL 


2Tc, 


4 0.019 4 


Twist angle requirement , cp = = 


(2)(600)(0.019) 

m x(65 x 10 6 ) 

= 11.6889 xl0“ 3 m = 11.6889 mm 

2TL 


GJ tiG[c\ - cl) 


4 c; 


2TL 

jiG(p 


4 0.019 4 


(2)(600X1.5) 


7r(11.2 x 10 y )(69.813 x 10 -3 ) 


Use smaller value of c\. 


q = 12.448 x 1 Cr m — 12.4482 mm 
Ci = 11.6889 mm 


d ; = 2ci = 23.4 mm A 
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SOLUTION 


Angular speed: 


/ = (720 rpm) 


" 1 Hz ^ 

60 rpm 


12 Hz 


Power: P = 40 x 10 3 W 

T rr P 40xl0 3 

Torque: T = = = 530.52 N • m 

2k f 2 k{\2) 

In the smaller shaft, d = 45 mm, c = 22.5 mm = 0.0225 m 

r = ^ = ^= ^ 530 - 52 3 ) = 29.65 xlO 6 Pa 
J 7tc 3 tt( 0.0225) 3 

Using r max = 36 MPa = 36 x 10 6 Pa results in 


T 

__ max __ 
T 

From Fig 3.32 with 


36 x 10 6 
29.65 x 10 6 ’ 

D _ 90 mm 
d 45 mm 


= 1.214 

= 2, — = 0.24 

d 


r = 0.24 d = (0.24)(45 mm) 


r = 10.8 mm A 
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PROBLEM 3.85 

The stepped shaft shown rotates at 450 rpm. Knowing that r = 0.5 in., 
determine the maximum power that can be transmitted without 
exceeding an allowable shearing stress of 7500 psi. 


SOLUTION 


d = 5 in. 


D - 6 in. 


r = 0.5 in. 


D_ 

d 

r 

~d 


— = 1.20 
5 


0.5 


= 0.10 


From Fig. 3.32, 
For smaller side, 


K = 1.33 

c = —d = 2.5 in. 
2 

KTc 2KT 

t = = y 

J nc 


T _ nc^T _ n{2. 5) 3 (75 00) 
2K (2X1.33) 

/ = 450 rpm = 7.5 Hz 


= 138.404 xlO 3 lb -in. 


Power. P = 2 nfT = 2zr(7.5)(l 38.404 x 10 3 ) = 6.52 x 10 6 in. • lb/s 

Recalling that 1 hp = 6600 in. • lb/s, P = 988 hp A 
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PROBLEM 3.86 

Knowing that the stepped shaft shown transmits a torque of magnitude 
T = 2.50 kip • in., determine the maximum shearing stress in the shaft when 
the radius of the fillet is (a) r = 4 in., (h) r = - 4- in. 


SOLUTION 


D = 2 in. d = 1.5 in. — = = 1.33 

d 1.5 

c = —d = 0.75 in. 

2 

Tc _ IT (2)(2.5) 


T = 2.5 kip • in. 


J 71 c~ 

1 . 


;r(0.75) 3 


3.773 ksi 


(a) r = — in. r = 0.125 in. 
8 


0.125 


= 0.0833 


K = 1.42 


d 1.5 
From Fig. 3.32, 

W = K J- = (1-42X3.773) 


(b) r = — in. 

16 

r 0.1875 


r = 0.1875 in. 


0.125 


K = 1.33 


d 1.5 
From Fig. 3.32, 

Vax = K y = (1-33X3.773) 


W = 5.36 ksi ◄ 


W = 5-02 ksi ◄ 
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PROBLEM 3.87 

The stepped shaft shown must rotate at a frequency of 50 Hz. Knowing 
that the radius of the fillet is r = 8 mm and the allowable shearing stress 
is 45 MPa, determine the maximum power that can be transmitted. 


SOLUTION 


From Fig. 3.32, 
Allowable torque . 
Maximum power . 


KTc 2KT „ ttc\ 

T= = r T = 

J xc 3 2 K 

1 _ 3 

d = 30 mm c = — d = 15 mm = 15 x 10 m 
2 

D = 60 mm, r = 8 mm 


D_ 

d 


— = 2 — 
30 ’ d 


— = 0.26667 
30 


K = 1.18 

r= .(15xl0-y ( 45xl0^) = 202 17N m 

(2X1-18) 


P = 2 nfT = (2^X50)(202.17) = 63.5 x 10 3 W 


P = 63.5 kW ◄ 
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PROBLEM 3.88 

The stepped shaft shown must transmit 45 kW. Knowing that the allowable 
shearing stress in the shaft is 40 MPa and that the radius of the fillet is 
r = 6 mm, determine the smallest permissible speed of the shaft. 


SOLUTION 


From Fig. 3.32, 
For smaller side, 



D_ _ 60 
d ~ 30 " 

K = 1.26 


c = —d = 15 mm = 0.015 m 
2 

KTc 2 KT 

T = = ^ 

J TIC 


nc?T 


;r(0.015) 3 (40 x 10 6 ) 


2 K (2X1.26) 

P = 45 kW = 45 x 10 3 P = InfT 


168.30 N • m 


/ 


45 x 10 J 


2 ttT 2^(168.30 x 10 3 ) 


42.6 Hz 


/ = 42.6 Hz ◄ 
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Full quarter-circular fillet 
extends to edge of larger shaft. 


PROBLEM 3.89 

A torque of magnitude T = 200 lb • in. is applied to the stepped shaft 
shown, which has a full quarter-circular fillet. Knowing that D - 1 in., 
determine the maximum shearing stress in the shaft when (a) d = 0.8 in., 
(b) d = 0.9 in. 


SOLUTION 


( a ) — = — = 1.25 

d 0.8 


r = ^(D-d) = 0.1 in. 


- = — = 0.125 
d 0.8 


From Fig. 3.32, 

K = 1.31 

For smaller side, 

c = —d = 0.4 in. 
2 


KTc 2 KT 


T — — o 

J nc 


= (2)(1.31)(200) = 2 61 x1() 3 r = 2.61 ksi 4 

?r(0A) 3 

(b) £ = M = 1 . m 

d 0.9 


r = h(£) - d) = 0.05 


r = 0 ' 05 = 0.05 
d 1.0 


From Fig. 3.32, 

K = 1.44 

For smaller side, 

c = —d = 0.45 in. 
2 


2 KT (2)(1.44)(200) „ „„ , . „ . 

t = — r- = — L = 2.01 x 10 J psi r = 2.01 ksi A 

nc 3 ^(0.45) 3 
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PROBLEM 3.90 

In the stepped shaft shown, which has a full quarter-circular fillet, the 
allowable shearing stress is 80 MPa. Knowing that D = 30 mm, determine 
the largest allowable torque that can be applied to the shaft if 
( a ) d = 26 mm, ( b ) d - 24 mm. 


Full quarter-circular fillet 
extends to edge of larger shaft. 


SOLUTION 

t = 80 x 10 6 Pa 


(a) — = — = 1.154 

d 26 

r = -(D - d) = 2 mm — = — = 0.0768 
2 d 26 


From Fig. 3.32, 

K = 1.36 


Smaller side, 

c = —d = 13 mm = 0.013 m 
2 



KTc 2 KT 



^ 3 

J TIC 



T= n C \ ^ 0.013) 3 (80xl0h = 203N . m 
2 K (2)(1 .36) 

T = 203 N • m ◄ 

(i,) " = “=,.25 

d 24 

r = —{D - d) = 3 mm — = — = 0.125 
2 d 24 


From Fig. 3.32, 

K = 1.31 



c = —d = 12 mm = 0.012 m 
2 



T = n C \ = ^ ( 0.012) 3 (80 x 10 6 ) = 165 8 N m 

2 K (2)(1 .3 1) 

T = 165.8 N • m ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


353 



PROBLEM 3.91 

In the stepped shaft shown, which has a full quarter-circular fillet, D - 1.25 in. 
and d = 1 in. Knowing that the speed of the shaft is 2400 rpm and that the 
allowable shearing stress is 7500 psi, determine the maximum power that can 
be transmitted by the shaft. 


Full quarter-circular fillet 
extends to edge of larger shaft. 


SOLUTION 


From Fig. 3.32, 
For smaller side, 


D 

1 


1.25 

1.0 


= 1.25 


r = -(£> - d) = 0.15 in. 


r 

7 

K 


0.15 

1.0 

1.31 


= 0.15 


c = —d = 0.5 in. 

2 

_ KTc _ Jt _ tu?t 
T ~ ~ ~Kc ~ IK 

T = 1 (0.5)3(7500) =U241xl0 3 lb . m 

(2X1-31) 

/ = 2400 rpm = 40 Hz 
P = InfT = 2^(40)0.1241 x 10 3 ) 

= 282.5 x 10 3 lb • in./s 


P = 42.8 hp ◄ 
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PROBLEM 3.92 

c = 32 mm 

T' The solid circular shaft shown is made of a steel that is assumed to be 
elastoplastic with z Y = 145 MPa. Determine the magnitude T of the 
applied torques when the plastic zone is (a) 16 mm deep, ( b ) 24 mm 
deep. 


SOLUTION 


c = 32 mm = 0.32 m t y = 145 x 10 6 Pa 

T y = ^ = —c\ Y = — (0.032) 3 (145 x 10 6 ) 
c 2 2 

= 7.4634 xl0 3 N-m 


(a) t = 16 mm = 0.016 m p Y = c - t = 0.032 - 0.016 = 0.016 m 


T = -T v 


f ^.3^4 3 6 i nnu3^ 


, M 

4 c 3 


-(7.4634 X 10") 
3 


1 0.016 


4 0.032 3 


9.6402 x 10 3 N • m 


(b) t p = 24 mm = 0.024 m p Y = c - t p = 0.032 - 0.024 = 0.008 m 


4 

T = -T y 

x _}_Py_ 

= -(7.4634 x 10 3 ) 

' 1 0.008 3 ^ 

3 7 

4 c 3 

K c ) 

3 

v 4 0.032 3 y 


= 9.9123 xl0 3 N-m 


T = 9.64 kN • m ◄ 


T = 9.91 kN - m ◄ 
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PROBLEM 3.93 

A 1.25-in.-diameter solid rod is made of an elastoplastic material with t y =5 ksi. Knowing that the elastic 
core of the rod is 1 in. in diameter, determine the magnitude of the applied torque T. 
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PROBLEM 3.94 

The solid shaft shown is made of a mild steel that is assumed to be 
elastoplastic with G - 11.2 x 10 6 psi and r 7 =21ksi. Determine the 
maximum shearing stress and the radius of the elastic core caused by the 
application of torque of magnitude (a) T = 100 kip • in., ( b ) T - 140 kip • in. 


SOLUTION 


c - 1.5 in., J 


71 4 


7.9522 in 4 , r 7 =21ksi 


{a) T = 100 kip • in. 

_Tc _ (100 kip • in.)(1.5 in.) 

Tm ~ J 7.9522 in 4 

Since r m < r 7 , shaft remains elastic. 

Radius of elastic core: 

0 b ) T = 140 kip • in. 

(140XL5) = 264ksi 
m 7.9522 


= 18.86 ksi ^ 


c = 1.500 in. A 


Impossible : r m = r Y = 21.0 ksi ^ 


J 7.9522 

Plastic zone has developed. Torque at onset of yield is T Y = —t y = — (21 ksi) = 1 1 1.33 kip • in. 

c 1.5 


Eq. (3.32): T = -T Y 


i 

4 c 3 


= 4-3— = 4-3 


140 


Py 


0.22743 = 0.6104 

111.33 c 


p Y = 0.6104 c = 0.6104(1.5 in.) 


p Y = 0.916 in. A 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


357 





PROBLEM 3.95 




The solid shaft shown is made of a mild steel that is assumed to be 

i 



elastoplastic with G = 77.2 GPa and r Y = 145 MPa. Determine the 
maximum shearing stress and the radius of the elastic core caused by the 
application of a torque of magnitude (a) T = 600 N • m, (b) T = 1000 N • m. 

\ 

30 mm 




SOLUTION 


(a) T = 600 N • m: Since T < T Y , the shaft is elastic 

t T 

Maximum shearing stress: — = — 

t y T y 

t = = (145 x 10 6 )( 600 ) _ 113 3 x 10 6 Pa 

m T y 768.11 

Radius of elastic core: p - c 

(b) T = 1000 N • m: Since T > T Y , there is a plastic zone. 

r m = T Y 


Maximum shearing stress: 
Radius of elastic core: 


T = -T v 



f \ 

3 

1 - 

Py 



l P J 



— = ?/4 - 3-T = 3/4 ■ 


(3)(1000) 

768.71 


p Y = 0.46003c = (0.46003)(15 mm) 


0.46003 


r m = 113.3 MPa ◄ 
p E = 15.00 mm A 


r m = 145.0 MPa ◄ 


p Y = 6.90 mm 4 
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PROBLEM 3.96 

The solid shaft shown is made of a mild steel that is assumed to be 
elastoplastic with r Y =145 MPa. Determine the radius of the elastic core 
caused by the application of a torque equal to 1.1 7>, where T y is the 
magnitude of the torque at the onset of yield. 


SOLUTION 


1 4 

c = —d = 15 mm T = —T v 


1-1 El 


A3 

C J 


RX- = 3 4 - 3— = yj4 - (3)(1 . 1) = 0.88790 


p Y = 0.88790c = (0.88790)(15 mm) 


= 13.32 mm ^ 
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PROBLEM 3.97 

It is observed that a straightened paper clip can be twisted through several revolutions by the application of a 
torque of approximately 60 mN • m. Knowing that the diameter of the wire in the paper clip is 0.9 mm, 
determine the approximate value of the yield stress of the steel. 


SOLUTION 


T P 

T P 

t y 


1 a 

—d = 0.45 mm = 0.45 x 10 3 m 

2 


60 mN • m = 60 x 1 0 3 N • m 


~Ty = 

3 r 3 


4 /r F _ = 4 r 2* c 3 

3 2 y 3 y 


3 T P _ (3)(60 x 10“ 3 ) 


2xc 3 2;r(0.45 x 10“ 3 ) 3 


314 x 10 6 Pa 


r Y = 314 MPa ◄ 
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PROBLEM 3.98 

The solid shaft shown is made of a mild steel that is assumed to be 
elastoplastic with G = 77.2 GPa and z Y = 145 MPa. Determine the angle of 
twist caused by the application of a torque of magnitude ( a ) T = 600 N • m, 
(b) T = 1000 N-m. 


SOLUTION 


c = —d = 15 mm = 15x10 3 m 
2 


Torque at onset of yielding: 


T^_2T 

J TIC' 


3 


t y = TTlIx. = tQI x 10 ~ 3 ) 3 ( 145 x io 6 ) = 768 71 N . m 


(a) T = 600 N • m. Since T < T Y , the shaft is elastic. 


(p- 


TL 2TL 


(2X600)0.2) 


GJ nc A G ;r(15 x 10“ 3 ) 4 (77.2 x 10 9 ) 
(b) T = 1000 N-m. T > T Y A plastic zone has developed. 


0.1 1728 rad (p = 6.72° ◄ 



/ \ 

3 

1 

( rr \ 

1 - 

cp Y 


— = r~ 3 

T 


l <P J 


(p v 

\ T Y j 


T = -T v 


T y L 2T y L 
(p Y = — ~ — “ 


(2)(768.71)(2.1) 

-3.4/ 


GJ nCG ^-(15 x IO -3 ) (77.2 x 10*) 


= 0.15026 rad 


^ = 3/4 

(p 

(p 


(3X1000) 
768.71 
(Py _ 0.15026 


0.46003 0.46003 


0.46003 

0.32663 rad 


cp = 18.71° ◄ 
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PROBLEM 3.99 

For the solid circular shaft of Prob. 3.94, determine the angle of twist 
caused by the application of a torque of magnitude ( a ) T = 80 kip • in., 
( b ) T - 130 kip • in. 


SOLUTION 


c = = ^-(3) = 1.5 in. r Y = 21 x 10 3 psi 

L = 4 ft = 48 in. J = —c 4 = — (1.5) 4 = 7.9522 in 4 


Tc tJ 

Torque at onset of yielding: t = — T - — 

J c 


r y =^=(21xl0 J X7-9522) = 111 33 0xl0 3 lb , in 


1.5 


(a) T = 80 kip • in. = 80 x 10 3 lb • in. 


Since T < T Y , the shaft is fully elastic, cp = 


TL 

GJ 


(p = 


(80 x 10 3 )(48) 

(1 1.2 x 10 6 )(7.9522) 


= 43.1 15 x 10 3 rad 


cp = 2.47° ◄ 


(, b ) T = 130 kip • in. = 130 x 10 3 lb • in. T > T Y T = ^T Y 



f \ 

3 

1 - 

cp Y 



l <P ) 



T y L (111.330 x 10 3 )(48) aaa 1a _ 3 ^ 

(p Y = - J — = 7 — — - = 60.000 x 10 rad 

GJ (1 1.2 x 10 6 )(7.9522) 


<P 


(p 


* = s/4 - 3^ = 3/4 _ (3)030 xlO-) = 0^205 


1 1 1.330 x 10 

"\-3 


(p Y 60.000x10 1a _ 3 , 

= — — — = = 75.75 x 10 3 rad 


0.79205 


0.79205 


^ = 4.34° ◄ 
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PROBLEM 3.100 



For the solid shaft of Prob. 3.98, determine ( a ) the magnitude of the torque 
T required to twist the shaft through an angle of 15°, ( b ) the radius of the 
corresponding elastic core. 

PROBLEM 3.98 The solid shaft shown is made of a mild steel that is 
assumed to be elastoplastic with G = 77.2 GPa and r Y = 145 MPa. 
Determine the angle of twist caused by the application of a torque of 
magnitude (a) T = 600 N • m, (b) T - 1000 N • m. 


SOLUTION 


1 

c = —d = 15 mm = 15x10 m 
2 

q> = 15° = 0.2618 rad 

1^=1^= (1-2X145 xlQ 6 ) = 0 15026rad 

c cG (15 x 10 -3 )(77.2 x 10 9 ) 


( a ) Since cp > cp Y , there is a plastic zone. 


T y c _ 2 T 


J nc 3 

n c 3 t y _ tt{ 15 x 10" 3 ) 3 (145 x 10 6 ) 


T = —T v 


1-1 

4 


<Py_ 
<P j 


j(768.71) 


1-1 

4 


768.71 N • m 

\ 3 


"0.15026 

, 0.2618 j 


976.5 N • m 


T = 977 N • m ◄ 


(b) L/y = Py<P = C( Py 


Py 


c<Py_ _ (15 x 10~ 3 )(0. 15026) _ 8 61 x 1Q -3 m 

<p 0.2618 


p Y = 8.61 mm A 
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PROBLEM 3.101 


A 3-ft-long solid shaft has a diameter of 2.5 in. and is made of a mild steel that is assumed to be elastoplastic 
with t y = 21 ksi and G = 1 1.2 x 10 6 psi. Determine the torque required to twist the shaft through an angle of 
{a) 2.5°, (b) 5°. 
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PROBLEM 3.102 

A 18-mm-diameter solid circular shaft is made of a material that is assumed to be elastoplastic with 
t y = 145 MPa and G - 77.2 GPa. For a 1.2-m length of the shaft, determine the maximum shearing stress and 
the angle of twist caused by a 200-N • m torque. 


SOLUTION 


t y = 145 x 1 0 6 Pa, c = —d = 0.009 m, I = 1.2 m, T = 200 N • m 

7 ’2 

T y = llJL = T c \ y = — (0.009) 3 (145 x 10 6 ) = 166.04 N • m 
c 2 2 


T > T Y (plastic region with elastic core) 


r max = t y =145.0 MPa A 


(Py 


TyL _ 2JyL 


(2)(1 66.04)(1 .2) 


GJ ttc 4 G tt( 0.009) 4 (77.2 x 10 y ) 


250.43 x 10 3 radians 


T = -T v 


Vjv' 

\y\ j 


\<P J 


= 4 - — = 4 - (3)(2QQ) = 0.38641 = 0.72837 


166.04 


9 


<P = 


<P 


0.72837 


250.43 x 10 
0.72837 


-3 


= 343.82 x 10 3 radians 


<p = 19.70° ◄ 
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PROBLEM 3.103 

A 0.75-in.-diameter solid circular shaft is made of a material that is assumed to be elastoplastic with 
t y = 20 ksi and G = 1 1.2 x 10 6 psi. For a 4-ft length of the shaft, determine the maximum shearing stress and 
the angle of twist caused by a 1800-lb • in. torque. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


366 






PROBLEM 3.104 

The shaft AB is made of a material that is elastoplastic with 
t y = 90 MPa and G = 30 GPa. For the loading shown, 
determine ( a ) the radius of the elastic core of the shaft, 
( b ) the angle of twist at end B. 


SOLUTION 


( a ) c = 12 mm = 0.012 m 

r v = 90 x 10 6 Pa 


c J Ty 


n 


C Ty 


n 


= —(0.012)^(90 x 10°) = 244.29 N • m 


300 N • m > T v 


T = -Ty 


. 4 < 3 2 


Plastic region with elastic core 
(3X300) 


A =l _K 


1 


244.29 


0.31585 


= 0.68102 p Y = (0.68102)(0.012) = 8.17 x 10“ 3 m 

c 


(b) L = 2 m 

G = 30 x 10 9 Pa 

TyL 2TyL 
<Py = — ~ “ 


(2X244.29)(2) 


JG ttc 4 G ^(0.012) 4 (30 x 10 9 ) 
cp Y _ 0.5000 


= 0.5000 rad 


^ = £JL 9 
(p c 


Pyle 0.68120 


0.734 rad 


p Y =8.17 mm -4 


<p = 42.1° ◄ 
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PROBLEM 3.105 

A solid circular rod is made of a material that is assumed to be elastoplastic. Denoting by T Y and cp Y , 
respectively, the torque and the angle of twist at the onset of yield, determine the angle of twist if the torque is 
increased to (a) T = 1.1 T Y , ( b ) T = 1.25 T Y , (c) 7 = 1.3 T Y . 
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PROBLEM 3.106 

A hollow shaft is 0.9 m long and has the cross section shown. The steel 
is assumed to be elastoplastic with t y - 180 MPa and G = 77.2 GPa. 
Determine ( a ) the angle of twist at which the section first becomes 
fully plastic, ( b ) the corresponding magnitude of the applied torque. 


SOLUTION 


c \ = ~d\ = 0.015 m c 2 - d 2 = 0.035 m 
( a ) For onset of fully plastic yielding, p Y = c x 


T - T v 


I-jT y 

(P = — ~ ~ 


_ Ty_ _ Py<P_ _ Cj(p 
7 G L L 

(0.9)(180 x 10 6 ) ,, oon 1A _3 , 

= 139.90 x 10 rad 


c,G (0.015X77.2 xl0 y ) 


<p = 8.02° ◄ 


(b) T p = 2 n\ c ^T Y P 1 dp = 2^r Y 


^2 


2ti 




2k 


= —(180 x 10 X0-035 - 0.015 ) = 14.89 x 10 j N • m 


14.89 kN • m 


T p = 14.89 kN • m ◄ 
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PROBLEM 3.107 

A hollow shaft is 0.9 m long and has the cross section shown. The steel 
is assumed to be elastoplastic with t y = 180 MPa and G = 77.2 GPa. 
Determine the applied torque and the corresponding angle of twist 
(a) at the onset of yield, ( b ) when the plastic zone is 10 mm deep. 


SOLUTION 


( a ) At the onset of yield, the stress distribution is the elastic distribution with r max = r Y 


c 2 = —d 2 = 0.035 m, q = — 


l i 


0.015 m 


(b) 


J = £( c 4 _ C] 4 ) = £(0.035 4 - 0.015 4 ) = 2.2777 x 10" 6 m 


TyC 2 

W = = -tj- 


Jty (2.2777 x10~ 6 )(180x 10°) _ 
Y ~ c 2 0.035 


= 1 1.7139 x 10 3 N • m 


CPy 


TyL 


(1 1.7139 x10 3 )(0.9) 


GJ (77.2x10 9 )(2.2777x10 -6 ) 
t = 0.010 m p Y = c 2 - t = 0.035 -0.010 = 0.025 m 


59.956x10 3 rad 


r = 


pep _ p Y cp 


L 


L Yy G 


T yL 

(P = - 


(180 x 10 b )(0.9) 


Gp Y {112 x 10 9 )(0.025) 
Torque T\ carried by elastic portion: 
. _ t \Py 


= 83.938 xl0“ 3 rad 


t — t y at p — p Y • 


c \ — P — Py 

71 


J , 


where A 


[pi -4) 


K 


.-9 4 


J, = — (0.025 - 0.015 ) = 534.07 x 10" y m 


1 1.71 kN • m A 


cp Y = 3.44° ◄ 


cp = 4.81° ◄ 


J^ = (534.07 x 10- 9 )(180 x 10«) = 3 ^3 x 1Q a N , m 
1 p Y 0.025 

Torque T 2 carried by plastic portion: 


2 n 

Jpy T YP~ a P = Z XTy Y =' 

Py 

9 jr 

a ao^ 3\ _ 1 n w 1 a3 ’ 


T 2 = 2;rj^ 2 r Y p 2 dp = 2m Y 


c 2 


^-T Y [c\ -/$) 


-(180 x 10 )(0.035 - 0.025 ) = 10.2730 x 10 N • m 


Total torque: 

T = T x +T 2 = 3.8453 x 10 3 + 10.2730 x 10 3 
= 14.1183 xl0 3 N-m 


14.12 kN-m ◄ 
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_A 

B 

C 

D 





PROBLEM 3.108 

A steel rod is machined to the shape shown to form a tapered solid shaft to which 
a torque of magnitude T - 75 kip • in. is applied. Assuming the steel to be elastoplastic 
with t y = 21 ksi and G = 11.2 x 10 6 psi, determine (a) the radius of the elastic core 
in portion AB of the shaft, ( b ) the length of portion CD that remains fully elastic. 


SOLUTION 

(a) In portion AB . 




c — —d = 1 .25 in. 
2 

71 


T y = 1MZL. = — c 3 t y = — (1.25) 3 (21 x 10 3 ) = 64.427 x 10 3 lb • in. 


T = -T v 


f 3 A 

i -Px- 

> c 3 , 

c J 


Pr = J 4 3r_J (3)(75 x 10 ) 

T v V 64.427 xlO 3 


= 0.79775 


Py = 0.79775c = (0.79775)0.25) = 0.99718 in. 

( b ) For yielding at point C . t = t y , c = c x , T = 75 x 10 3 lb • in. 

_ J c t y _ n 3 

1 ~ - t: c x t y 

c r 2 


C v = 3 


2T 


, 1 ( 2 X 75 * 10 ?) = 131494 ^ 


' TCTy V ^-(21 X 10 ) 


Using proportions from the sketch, 




1 \ 

I 1.31454 \ 

1 


V * 

1 

[ 


\* 

\.So 

u - 


= 0.997 in. ^ 


1.50 -1.31494 _ x 
1.50 - 1.25 _ 5 


x = 3.70 in. A 
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PROBLEM 3.109 

If the torque applied to the tapered shaft of Prob. 3.108 is slowly increased, determine 
(a) the magnitude T of the largest torques that can be applied to the shaft, ( b ) the 
length of the portion CD that remains fully elastic. 

PROBLEM 3.108 A steel rod is machined to the shape shown to form a tapered solid 
shaft to which a torque of magnitude T = 75 kip • in. is applied. Assuming the steel 
to be elastoplastic with t y = 21 ksi and G = 11.2 x 10 6 psi, determine ( a ) the radius 
of the elastic core in portion AB of the shaft, ( b ) the length of portion CD that remains 
fully elastic. 


SOLUTION 


(a) The largest torque that may be applied is that which makes portion AB fully plastic. 

1 


In portion AB , 


T v = 


J Ty 7C 


c = —d = 1.25 in. 
2 

71 


Ly = —Cry = — (1 .25/(21 X 10 3 ) = 64.427 x 10 3 lb • in. 

c 2 2 


For fully plastic shaft, p Y = 0 


T = -T v 


3 ^ 


i _IA 

4 c 3 


= -T 
3 


T = y (64.427 x 10 3 ) = 85.903 x 10 3 lb • in. 


(i b ) For yielding at point C,t = t y , 


c = c r 


T = 85.903 x 10 3 lb • in. 


T = 85.9 kip • in. ◄ 


Ty ~ 


Tc x 2 T 


J x xc x 


IT (2V85.903 x 10 J ) , . 

c v = 31 = ?l— z — = 1.37580 in. 


TCT y 


n(T\ x 10 ) 


Using proportions from the sketch, 



1.50 - 1.37580 _ x 
1.50 -1.25 _ 1 


= 2.48 in. ◄ 
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13.5 

12 

Q 



PROBLEM 3.110 





A solid brass rod of 1.2-in. diameter is subjected to a torque that causes 
a maximum shearing stress of 13.5 ksi in the rod. Using the r-y diagram 
shown for the brass rod used, determine (a) the magnitude of the torque, 

22 

b 6 
3 


* \ 



( b ) the angle of twist in a 24-in. length of the rod. 




0 

0.001 0.002 0.003 

7 


SOLUTION 


(a) 


1 


—d = 0.600 in. 
2 


W =13.5 ksi 
From the stress-strain diagram, /max = 0003 
Let z 


r 


Yu 


P_ 

c 


T = 2tt[ p 2 t dp = 2 kc 2 f z 2 rdz = 2 tk?I where the integral / is given by / = f z 2 z dz 

Jo Jo Jo 

Evaluate / using a method of numerical integration. If Simpson’s rule is used, the integration formula is 


A z 


YjWz 2 t 


where w is a weighting factor. Using A z = 0.25, we get the values given in the table below: 


z 

Y 

r, ksi 

z 2 r, ksi 

TV 

wz 2 r, ksi 

0 

0 

0 

0.000 

l 

0 

0.25 

0.00075 

4.5 

0.281 

4 

1.125 

0.5 

0.0015 

8.6 

2.15 

2 

4.30 

0.75 

0.00225 

12.2 

6.86 

4 

27.45 

1.0 

0.003 

13.5 

13.5 

1 

13.5 


46.375 


(a) 

(b) 


/ = (0.25X46.375) = 3 865 xlQ _3 ks . 

3 

T = 2 ttc 3 I = 2;r(0.600) 3 (3.865) = 5.24 kip • in. 


ccp 

Y max — 

= L Ym _ (24X0.003) 


<— Zwz 2 r 


= 120 x 10 _3 rad 


T = 5.24 kip • in. ◄ 


<p = 6.88° ◄ 


c 0.800 

Note: Answer may differ slightly due to reading of graph and choice of numerical integration formula. 
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PROBLEM 3.111 


A solid brass rod of 0.8-in. diameter and 30-in. length is twisted 
through an angle of 10°. Using the r-y diagram shown for the brass 
rod used, determine (< a ) the magnitude of the torque applied to the 
rod, ( b ) the maximum shearing stress in the rod. 


0 0.001 0.002 0.003 

y 



SOLUTION 

(a) 


<p = 10° = 174.53 X 10 -3 rad 
c = —d = 0.400 in. L = 


30 in. 


Xmax 

Let 


ccp 

L 


(0.4)(1 74.53 x 10~ 3 ) 
30 

Y _ P 


= 0.00233 


f c 2 3 ^ a 7 pi 2 

T = 2zrJ p rdp = 2 nc 2 J z rdz = 2 7ic 2 I where the integral / is given by / = J ^ z rdz 

Evaluate / using a method of numerical integration. If Simpson’s rule is used, the integration formula is 
Az ^ 2 


I = — V WZ Z T 

3 


1 


where w is a weighting factor. Using Az = — , we get the values given in the table below: 

6 


z 

Y 

r, ksi 

z 2 r, ksi 

w 

wz 2 t , ksi 

0 

0 

0 

0 

1 

0 

0.25 

0.000583 

3.5 

0.219 

4 

0.88 

0.5 

0.001165 

7.0 

1.75 

2 

3.50 

0.75 

0.001748 

10.0 

5.625 

4 

22.50 

1.0 

0.00233 

12.2 

12.6 

1 

12.60 


39.48 


(0.25)(39.48) 


3.29 ksi 


Zwz 2 r 


T = 2kc\I = 2^(0.400) 3 (3.29) 


T = 1.322 kip • in. A 


Note: Answer may differ slightly due to differences of opinion in reading the stress-strain curve. 


(b) From the graph, 


12.60 ksi ◄ 
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PROBLEM 3.112 

A 50-mm-diameter cylinder is made of a 
brass for which the stress-strain diagram 
is as shown. Knowing that the angle of 
twist is 5° in a 725-mm length, determine 
by approximate means the magnitude T 
of torque applied to the shaft 


SOLUTION 


(a) 


cp = 5° = 87.266 xlO -3 rad 

c = —d = 0.025 m L = 
2 


0.725 m 


TWx = — = (°- 025 ^ 87 - 266 x 1°~ 3 ) = 0.0Q301 
max L 0.725 


Let 


r 


P_ 

c 


T = 2/rj p 2 rdp- 2nc\ j* z 2 rdz = 2 7tc\l where the integral / is given by / = j* z 2 zdz 

Evaluate / using a method of numerical integration. If Simpson’s rule is used, the integration formula is 

J 2 

I = > WZ T 

3 


where w is a weighting factor. Using A z = 0.25, we get the values given in the table below. 


z 

Y 

r, MPa 

z 2 r, MPa 

w 

wz 2 t, MPa 


0 

0 

0 

0 

1 

0 


0.25 

0.00075 

30 

1.875 

4 

7.5 


0.5 

0.0015 

55 

13.75 

2 

27.5 


0.75 

0.00226 

75 

42.19 

4 

168.75 

<— Zwz 2 T 

1.0 

0.00301 

80 

80 

1 

80 

= 283.75 xio 6 Pa 


283.75 



/ = (0.25X283.75 xlQ 6 ) =2i65xio6pa 


3 

T = 2 ttc 3 I = 2^(0.025) 3 (23.65 x 10 6 ) = 2.32 x 10 3 N • m T = 2.32 kN • m ◄ 
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PROBLEM 3.113 


Three points on the nonlinear stress-strain diagram used in Prob. 3.112 are (0, 0), (0.0015, 55 MPa), and 
(0.003, 80 MPa). By fitting the polynomial T = A + By + Cy 2 through these points, the following approximate 
relation has been obtained. 

T = 46.7 x 10 V - 6.67 x 10‘V 
Solve Prob. 3.113 using this relation, Eq. (3.2), and Eq. (3.26). 

PROBLEM 3.112 A 50-mm diameter cylinder is made of a brass for which the stress-strain diagram is as 
shown. Knowing that the angle of twist is 5° in a 725-mm length, determine by approximate means the 
magnitude T of torque applied to the shaft. 
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PROBLEM 3.114 

The solid circular drill rod AB is made of a steel that is assumed to be elastoplastic 
with t y = 22 ksi and G = 11.2 x 10 6 psi. Knowing that a torque T = 75 kip • in. is 
applied to the rod and then removed, determine the maximum residual shearing stress 
in the rod. 


SOLUTION 


Loading : 


J 

T y 

T 


1.2 in. L 

-c 4 = — (1.2) 4 
2 2 


35 ft = 420 in. 


J Ty 


3.2572 in 
(3.2572)(22) 


T = -71 


c 1.2 

75 kip • in. 

4 


59.715 kip • in. 


1 - 


1 pp 


4 c 


c 3 


4-K = 4 . (3X75) 


0.23213 


Py _ 


= 0.61458, 


59.715 

p Y = 0.61458c = 0.73749 in. 


Unloading: 

t' = — where T = 75 kip 

J 

> 

£ 

ii 

Ci 

r , = (75)0.2) = 27 ^3 ksi 

3.2572 

II 

< 

r , = (75X0.73749) = 169gks . 
3.2572 

Residual: 

Ues — ^"load — ^ 

> 

£ 

II 

Ci 

r res = 22 - 27.63 = -5.63 ksi 

II 

< 

r res = 22 - 16.98 = 5.02 ksi 


maximum r r „ = 5.63 ksi A 
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PROBLEM 3.115 

In Prob. 3.114, determine the permanent angle of twist of the rod. 

PROBLEM 3.114 The solid circular drill rod AB is made of steel that is assumed to 
be elastoplastic with z Y = 22ksi and G = 11.2xl0 6 psi. Knowing that a torque 
T = 75 kip • in. is applied to the rod and then removed, determine the maximum 
residual shearing stress in the rod. 


SOLUTION 

From the solution to Prob. 3.114, 


After loading, 


pep 


During unloading, 


Permanent angle of twist . 


c = 1.2 in. 

J = 3.2572 in 4 


Py _ 


= 0.61458 


p Y = 0.73749 in. 

LY LYy LTy 
(p = ~ 1 ~ 1 


P Py Py g 


L = 35 ft = 420 in. 


= ( 42 °X 22 * 1Qi > = 1.11865 rad = 64.09° 

(0.73749)(11,2 xlO 6 ) 

TL 

cp' = (elastic) T = 75 kip • in. 

GJ 


(p 


(75 x 10 3 )(420) 


0.86347 rad = 49.47° 


(1 1.2 x 10 )(3.2572) 

Pperm = ^oad - 9 / = 1.11865 - 0.86347 = 0.25518 


<p = 14.62° ◄ 
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PROBLEM 3.116 

The solid shaft shown is made of a steel that is assumed to be 
elastoplastic with t y = 145 MPa and G = 77.2 GPa. The torque is 
increased in magnitude until the shaft has been twisted through 6°; the 
torque is then removed. Determine (a) the magnitude and location of the 
maximum residual shearing stress, ( b ) the permanent angle of twist.*** 


SOLUTION 


c 


Yy 

Py_ 

c 

J 

Ty 


At end of loading . 


= 0.016 m <p = 6° = 104.712 x 

_ccp__ (0.016)(104.72 x 1Q~ 3 ) _ 
L 0.6 


10 3 rad 
0.0027925 


Tj_ _ 145 x IQ 6 _ 
G ~ 77.2 x 10 9 _ 
y Y _ 0.0018 

PW “ 0.0027925 


0.0018782 
= 0.67260 


= — c 4 = — (0.016) 4 = 102.944 x 10“ 9 m 4 
2 2 



3 r F = y(0.016) 3 (145 x 10 6 ) = 932.93 N • m 


( 1 ^ 

1 _ 1 Py 

= -(932.93) 

1 --(0.6743 3) 3 

4 c 5 

V c J 

3 

4 


= 1.148 55 x 10 3 N • m 


Unloading : 
At p = c, 
At p = py. 


Residual: 


elastic T = 1.14855 x 10 3 N • m 

, T’c (1.14855 xl0 3 )(0.016) 


J 


102.944 x 10 


i-9 


178.513 xlO 6 Pa 


rpr 

t' = = (178.513 x 10 6 )(0.67433) = 120.376 x 10 6 Pa 

J c 

, T'L (1.14855 Xl0 3 )(0.6) ^ nrio 

<p' = = 3 — = 86.713 x 10 3 rad = 4.97° 

GJ (77.2 x 10 9 )(102.944 x 10“ 9 ) 

^"res — ^"load ^ perm — ^load 


(a) 


(b) 


At p = c, r res = 145 x 10 6 - 178.513 x 10 6 = -33.513 x 10 6 Pa 

At p = p Y , r res = 145 x 10 6 - 120.376 x 10 6 = 24.624 x 10 6 Pa 

Maximum residual stress: 

^ perm = 104.712 x 10“ 3 - 86.713 x 10“ 3 = 17.9990 x 10" 3 rad 


r res - “33.5 MPa 
r res = 24.6 MPa 
33.5 MPa at p = 16.00 mm A 
<Pperm = L03 ° ^ 
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PROBLEM 3.117 



After the solid shaft of Prob. 3.116 has been loaded and unloaded as 
described in that problem, a torque T i of sense opposite to the original 
torque T is applied to the shaft. Assuming no change in the value of cp Y , 
determine the angle of twist q\ for which yield is initiated in this second 
loading and compare it with the angle cp Y for which the shaft started to 
yield in the original loading. 

PROBLEM 3.116 The solid shaft shown is made of a steel that is 
assumed to be elastoplastic with t y = 145 MPa and G = 77.2 GPa. 
The torque is increased in magnitude until the shaft has been twisted 
through 6°; the torque is then removed. Determine (a) the magnitude 
and location of the maximum residual shearing stress, ( b ) the permanent 
angle of twist. 


SOLUTION 


From the solution to Prob. 3.116, 

c = 0.016 m, L = 0.6 m 
Ty = 145 x 10 6 Pa, 

J = 102.944 x l(r 9 m 4 

The residual stress at p = c is r res = 33.5 MPa 


For loading in the opposite sense, the change in stress to produce reversed yielding is 

Ty = Ty -r res = 145 X 10 6 - 33.5 xio 6 = 111.5 x 10 6 Pa 

_T\c_ . Jty (102.944 x 10~ 9 )(11 1,5 x 10 6 ) 

r ‘ ~~ ~J 0.016 

= 717 N • m 

Angle of twist at yielding under reversed torque . 


T \L 

(f\ = = 

GJ 


(717 x 10 j )(0.6) 


{11.2 x 10 y )(102.944 x 10" 9 ) 


= 54.16 xl0“ 3 rad 


Angle of twist for yielding in original loading . 



c<Py 

L 


Luy _ (0.6)(145 x IQ 6 ) 
cG ~ (0.016X77.2 xlO 9 ) 


= 70.434 xl0“ 3 rad 


q\ = 3.10° ◄ 


<Py = 4.04° ◄ 
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PROBLEM 3.118 

The hollow shaft shown is made of a steel that is assumed to 
be elastoplastic with r Y = 145 MPa and G = 77.2 GPa. The 
magnitude T of the torques is slowly increased until the 
plastic zone first reaches the inner surface of the shaft; the 
torques are then removed. Determine the magnitude and 
location of the maximum residual shearing stress in the rod. 


SOLUTION 


Ci = —d y - 12.5 mm 
1 2 1 

c 1 = — d n = 30 mm 

2 2 2 

When the plastic zone reaches the inner surface, the stress is equal to r Y . The corresponding torque is 
calculated by integration. 

dT = pr dA = pz Y (2np dp) = 27rr Y p 2 dp 
T = 2 ttt y ) p 2 dp = ~ Y t Y ( c 2 “ c i 3 ) 

Unloading . T' 

J 

T ’i 


Residual stress . 

Inner surface: 

Outer surface: 

Maximum residual stress: 


9 jr 

-■ — (145 x 10 6 )[(30x 10“ 3 ) 3 - (12.5 x 10 -3 ) 3 ] = 7.6064 x 10 3 N • m 
: 7.6064 x 10 3 N • m 

: ?L(c a 2 - q 4 ) = y[(30) 4 - (12.5) 4 ] = 1.234 x 10 6 mm 4 = 1.234 x 10" 6 m 4 
T’p _ (7.6064 x 10 3 )(1 2.5 x 10“ 3 ) 


J 


1.234 x 10“ 6 


77.050x 10° Pa = 77.05 MPa 


rc 2 _ (7.6064 x 10 3 )(30 x 10^ = 192 ^ x 1()6pa = 192 _ 63 Mp& 


J 


1.234x10 


i-6 


r res =Ty- t[ = 145 - 77.05 = 67.95 MPa 


r res =t y -t' 2 = 145 - 192.63 = -47.63 MPa 


68.0 MPa at inner surface -4 
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PROBLEM 3.119 

In Prob. 3.118, determine the permanent angle of twist of the rod. 

PROBLEM 3.118 The hollow shaft shown is made of a steel that 
is assumed to be elastoplastic with r Y = 145 MPa and 
G = 77.2 GPa. The magnitude T of the torques is slowly increased 
until the plastic zone first reaches the inner surface of the shaft; 
the torques are then removed. Determine the magnitude and 
location of the maximum residual shearing stress in the rod. 


SOLUTION 


Ci = — <7, = 12.5 mm 
1 2 1 

c 1 = — d 1 = 30 mm 

2 2 2 

When the plastic zone reaches the inner surface, the stress is equal to r Y . The corresponding torque is 
calculated by integration. 

dT = pr dA = pT Y (2npdp) = 2m Y p 2 dp 
T = 2 tzt 7 £ 2 p 2 dp = ^-t y (cl - c, ) 

= ^-(145 x 10 6 )[(30 x 1(T 3 ) 3 - (12.5 x 10~ 3 ) 3 ] = 7.6064 x 10 3 N • m 
Rotation angle at maximum torque . 


Unloading . 


gjgmax 

L 



ZyL _ (145 x 10 6 )(5) 

Gc, _ (11.2 x 10 9 )(12.5 x 10“ 3 ) 


0.75130 rad 


T' = 7.6064 x 10 3 N • m 


J = Y (4 ~ 4) = |[(30) 4 - (12.5) 4 ] 

, _ TL_ _ (7.6064 x 10 3 )(5) 

9 ~ GJ ~ (77.2 x 10 9 )(1 .234 x 10" 6 ) 


= 1.234 xlO 6 mm 4 
= 0.39922 rad 


= 1.234 xl0" 6 m 4 


Permanent angle of twist . 


Pperm = Pmax ~ <p' = 0.75130 - 0.39922 = 0.35208 rad <? perm 


20 . 2 ° ◄ 
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PROBLEM 3.120 

A torque T applied to a solid rod made of an elastoplastic material is increased until 
the rod is fully plastic and them removed. ( a ) Show that the distribution of residual 
shearing stresses is as represented in the figure. ( b ) Determine the magnitude of the 
torque due to the stresses acting on the portion of the rod located within a circle of 
radius c 0 . 


SOLUTION 


(a) 


After loading: 
Unloading: 




Unloading 



q — o T — —T — ——(?x — 

Py - U > fioad - T Y - ~ c t Y 


3 2 


, _ Tc _ 2T _ 2 (7 load ) _ 4 


T = 


J nc 


nc 


= —t y at p = c 


, _ 4 _ P 

T — Ty 


Residual: 

To find cq set, 


T - T p- T 

t yqs - z Y ~ t Y - t Y 1 0 

3 c v 3c 


r res = 0 and P = c 0 


o=i-ia 

3c 


C « = 4 C 


pc 0 9 P 9 

(b) T 0 = 27 t\ p 1 Tdp = 2 n\ p 1 t ■ 

J 0 J 0 


/• (3/4) c 

\--P 

P Ty 

J 0 

l 3 c J 


dp 


,2XTy[d---£P 

^ 3 3 4 c j 


(3/4 )c 


■■ lUTyC 3 \ — 


3 

vT 


4 

vT 


3 

4 j 


= 2m p \ — - — \ = — t y C = 0.2209 r 7 c 3 
7 '64 256 128 7 7 


0.150c ◄ 


r 0 = 0.22 lr F c 3 ◄ 
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PROBLEM 3.121 

Determine the largest allowable square cross section of a steel shaft of length 20 ft if the maximum shearing 
stress is not to exceed 10 ksi when the shaft is twisted through one complete revolution. Use G = 1 1.2 x 10 6 psi. 


SOLUTION 

L = 20 ft = 240 in. 



r max = 10 ksi = 10 x 10 3 psi 
cp = 1 rev = 2k radians 



T 

T — 

L max j 2 

c x ab 

(1) 


TL 

<P = 4 

c 2 ab 3 G 

(2) 

Divide (2) by (1) to eliminate T. 

(p c x ab 2 L c x L 

r max c 2 ab 3 G c 2 bG 


Solve for b. 

fa _ C \-^ T msL x 

c 2 G ( p 


For a square section, 

"=1.0 

b 


From Table 3.1, 

c, = 0.208, 
c 2 = 0.1406 



_ (0.208)(240)(10 x 10 3 ) 
(0.1406)(1 1.2 x 10 6 )(2 ;t) 

b = 0.0505 in. ◄ 
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PROBLEM 3.122 

Determine the largest allowable length of a stainless steel shaft of | x |--in. cross section if the shearing stress 
is not to exceed 1 5 ksi when the shaft is twisted through 15°. Use G = 11.2xl0 6 psi. 


SOLUTION 

3 . 

a - — in. = 0.75 in. 

4 



3 

b = — in. = 0.375 in. 
8 



r max = ksi = 15 x 10 3 psi 



1 5 TC 

(p = 15° = rad = 0.26180 rad 

180 



T 

T = 

L max 7 2 

(1) 


TL 

(P = . 

c 2 ab 3 G 

(2) 

Divide (2) by (1) to eliminate T. 

cp c x ab 2 L c x L 


W c 2 ab 3 G c 2 bG 


Solve forZ. 

L c 2 bGcp 

C l r max 



a 0.75 0 

b ~ 0.375 ~ 


Table 3.1 gives 

q = 0.246, c 2 = 0.229 



r (0.229)(0.375)(1 1.2 x 10 6 )(0.26180) . . 

L — , = 68.2 m. 

(0.246)(15 x 10 3 ) 

L = 68.2 in. A 
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PROBLEM 3.123 

Using r all = 70 MPa and G = 27 GPa, determine for each of the aluminum 
bars shown the largest torque T that can be applied and the corresponding 
angle of twist at end B. 


SOLUTION 


r all = 70xl0 6 Pa G = 27xl0 9 Pa L = 0.900 m 


(a) a = 45 mm b - 15 mm — = 3.0 From Table 3.1, c x = 0.267, c 2 = 0.263 

b 


c x ab 2 


T = c x ab r max 


T = (0.267)(0.045)(0.015) 2 (70 x 10 6 ) = 189.236 N • m 


T = 189.2 N • m 


cp = 


TL 


(189.236)(0.900) 


c 2 ab 5 G (0.263)(0.045)(0.0 1 5/ (27 x 10 y ) 


= 157.921 x 10 -3 rad <p = 9.05° ◄ 


( b ) a = 25 mm b = 25 mm, — = 1.0 From Table 3.1, c x = 0.208, c 2 = 0.1406 

b 


T 

ab 2 


T = c^aoz. 


\ uu L max 


(0.208)(0.025)(0.025) 2 (70 x 10 6 ) 


(p = 


= 227.5 N • m 

(227.5X0.900) 

c 2 a9G ~ (0.1406)(0.025)(0.025) 3 (27 x 10 9 ) 


T = 228 N • m ◄ 


TL 


= 138.075 xlO" 3 rad <p = 7.91° ◄ 
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PROBLEM 3.124 

Knowing that the magnitude of the torque T is 200 N • m and that 
G = 21 GPa, determine for each of the aluminum bars shown the 
maximum shearing stress and the angle of twist at end B. 


SOLUTION 

T = 200 N • m L = 0.900m G = 27xl0 9 Pa 

(a) a = 45 mm, b = 15 mm, — = 3.0 From Table 3.1, c, = 0.267 c 2 = 0.263 

b 

_ T 200 

rmax ” c x ab 2 “ (0.267)(0.045)(0.0 1 5) 2 

= 74.0 x 10 6 Pa r max = 74.0 MPa ◄ 

_ TL (200X0,900) 

9 ~ c 2 ab 3 G ~ (0.263)(0.045)(0.015) 3 (27 x 10 9 ) 

= 166.904 x 10" 3 rad <p = 9.56° ◄ 


(. b ) a = 25 mm, b = 25 mm, 


— = 1.0 From Table 3.1, c y = 0.208, c 2 = 0.1406 
b 


T 

c x ab 2 


200 

(0.208)(0.025)(0.025) 2 


= 61.539 xlO 6 Pa 


TL (200X0,900) 

c 2 ab 3 G ~ (0.1406)(0.025)(0.025) 3 (27 x 10 9 ) 

= 121.385 xlO" 3 rad 


W = 61.5 MPa ◄ 


cp = 6.95° ◄ 
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SOLUTION 


L = 25 in., G = 5.6 x 10 6 psi, r a „ = 12 x 10 3 psi 


<P 


c x ab 2 


TL 

c^ab^G 


or 


or 


T = c x ab r max 


9 


c x Lr n 


c 2 bG 


(a) a - 4 in., b = 1 in., 


4.0 From Table 3.1, q = 0.282, c 2 = 0.281 


From (1), 
From (2), 


T = (0.282)(4)(1) 2 (1 2 x 10 3 ) = 13.54 x 10 3 


<p = 


(0.282)(25)(12 x IQ 3 ) 
(0.28 1)(1)(5.6 x 10 6 ) 


= 0.05376 radians 


(1) 

( 2 ) 


T = 13.54 kip- in. ◄ 
q o = 3.08° ◄ 


(, b ) a = 2.4 in., ^ = 1.6in., - = 1.5 From Table 3.1, q = 0.231, c 2 = 0.1958 

b 


From (1), 
From (2), 


T = (0.23 1)(2.4)(1 .6) 2 (12 x 10 3 ) = 17.03 x 10 3 


(p 


(0.231)(25)(12 x IQ 3 ) 
(0.1958)(1.6)(5.6 x 10 6 ) 


0.0395 radians 


T = 17.03 kip • in. A 

(p = 2.26° ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


388 



SOLUTION 


L = 25 in., G - 5.6 x 10 6 psi, T = 12.5 x 10 3 lb • in. 


( a ) a = 4 in., 


b = 1 in., 


— = 4.0 

b 


From Table 3.1, c x = 0.282, c 2 = 0.281 


2L = 12 - 5 x 103 2 = 11,08 x 103 psi 


qar (0.282)(4)(1) 


<P 


TL 


(12.5 x 10 3 )(25) 


c^VG (0.282)(4)(1) 3 (5.6 x 10 b ) 


0.04965 radians 


(b) a = 2.4 in., b = 1.6 in., 


1.5 


From Table 3.1, 

T 


0.231, 


0.1958 


12.5 x 10 J 


c x ab 2 


(0.231)(2.4)(1.6y 


= 8.81 x 10 3 psi 


(P = 


TL 


(12.5 x 10 6 )(25) 


c^G (0.1958)(2.4)(1.6/(5.6 x 10 6 ) 


= 0.02899 radians 


Vax =11-08 ksi ◄ 


q> = 2.84° ◄ 


W = 8 - 8 l ksi ^ 


cp = 1.661° ◄ 
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PROBLEM 3.127 

The torque T causes a rotation of 0.6° at end B of the aluminum bar 
shown. Knowing that b = 15 mm and G = 26 GPa, determine the 
maximum shearing stress in the bar. 


SOLUTION 


From Table 3.1, 


a = 30 mm = 0.030 m 
b - 15 mm = 0.015 m 
cp = 0.6° = 10.472 xlO -3 rad 

TL _ c 2 ab 3 Gcp 

<P = r - ^ = — 

c 2 ab G c x L 

T _ c 2 ab 3 G(p _ c 2 bGcp 

ax — 1 2 ~ i 2 t ~ t 

c x ab c x ab L c x L 

— = — = 2.0 

b 15 


c, = 0.246 
c 2 = 0.229 

_ (0.229)(15 x 1Q~ 3 )(26 x 10 9 )(1 0,472 x 1Q~ 3 ) 

Qax_ (0.246)(750 xlO -3 ) 

= 5.07 x 10 6 Pa r max = 5.07 MPa ◄ 
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PROBLEM 3.128 

The torque T causes a rotation of 2° at end B of the stainless steel 
bar shown. Knowing that b - 20 mm and G - 75 GPa, determine the 
maximum shearing stress in the bar. 


SOLUTION 


a = 30 mm = 0.030 m 
b = 20 mm = 0.020 m 
<p = 2° = 34.907 xlO" 3 rad 


TL 

. rji c 2 alr'G<p 

c 2 ab 3 G 

. . 1 — 

L 

T 

c 2 ab 3 G<p c 2 bGcp 

c x ab 2 

c x ab 2 L c x L 

— = 1.5 
20 



From Table 3.1, 


c, = 0.231 
c 2 = 0.1958 

= (0.1958X20 x 10~ 3 )(75 x 10 9 )(34.907 x IQ' 3 ) = 59 2 x 
iax (0.231X750 x 10“ 3 ) 


W =59.2 MPa ◄ 
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PROBLEM 3.129 

Two shafts are made of the same material. The cross section of shaft A is a 
square of side b and that of shaft B is a circle of diameter b. Knowing that the 
shafts are subjected to the same torque, determine the ratio t a /t b of maximum 
shearing stresses occurring in the shafts. 


SOLUTION 

A. Square : 


B. Circle: 


Ratio: 


^ = 1, q = 0.208 (Table 3.1) 
T T 


A qab 2 0.208 b 3 

C --b T — ~ — — 

2 B J nc 2 nb 2 

^ • — = 0.3005^- 

t b 0.208 16 


lA = 0.944 ◄ 
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PROBLEM 3.130 

Shafts A and B are made of the same material and have the same cross- 
sectional area, but A has a circular cross section and B has a square 
cross section. Determine the ratio of the maximum torques T A and T B 
when the two shafts are subjected to the same maximum shearing stress 
{r A - t b ). Assume both deformations to be elastic. 


SOLUTION 


Let c = radius of circular section A and b = side of square section B. 
For equal areas nc 2 - b 2 , 


Circle : 

Square : 

From Table 3.1, 


Ratio: 


For the same stresses, 


c = 




T^ = 2Ta 

J 7ZC 3 




C) = 0.208 


T a T b 
B c x ab 2 6',/r 1 


T b = c x b\ B 


jr 3 n . bi 

T; — 


1a = 2 

t b c x b\ B 


B 2 ^.3/2 1 B 


1 T, 


c \b r B 


2c, Ik 


t b ~ t a 


±a i 

T b (2)(0.208)V^ 


^ = 1.356 ◄ 

T b 
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PROBLEM 3.131 




Shafts A and B are made of the same material and have the same 

A ■ 


[\ 

length and cross-sectional area, but A has a circular cross section and B 
has a square cross section. Determine the ratio of the maximum values 
of the angles cp A and cp B when the two shafts are subjected to the 




same maximum shearing stress (r A = r B ). Assume both deformations 

B 


t a 

to be elastic. 



V 




T B 



SOLUTION 

Let c = radius of circular section A and b = side of square section B. 
For equal areas, kc 2 = b 2 b - 

_?A _ C( PA 


Circle: 


Square : From Table 3.1, 


Ratio: 


For equal stresses, 


Ta = Tn 


y max ^ 


L 


Lt a 

CP A = - 

A cG 


A 


0.208, 


0.1406 


L B 


z =JL = 

B c x ab 2 0.208 Z? 3 


T b = 0.208Zrr g 


9 B 


t b l 


0.208 b 3 r B L _ \A194 Lt b 


c,ab 3 G 0.140 6b*G 


bG 


<Pa _ Lt a 


bG 


= 0.676^ = 0.676VT- 


9b 


cG \A19 ALt 


B 


CTn 


= 0.676VT 

9a 


= 1.198 ◄ 
9a 
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PROBLEM 3.132 

Shafts A and B are made of the same material and have the same cross- 
sectional area, but A has a circular cross section and B has a square cross 
section. Determine the ratio of the angles (j) A and (/) B through which shafts 
A and B are respectively twisted when the two shafts are subjected to the 
same torque ( T A = T B ). Assume both deformations to be elastic. 


SOLUTION 




Let c = radius of circle section A and b = 

= side of square section B. 


For equal areas, 

7TC 2 = 

b 2 b = 


Circle: 

h = 

TL T a L 


JG ~ —c 4 G 

2 


Square: 

— 

TL T b L 


c 2 ab 3 G c 2 b 4 G 


From Table 3.1, 

C 2 = 

0.1406 


Ratio: 

*A = 

T a L (0.1406)Z> 4 G 



v 

2 


For T a = T b , 




<t> A _ (0.1406 )cV 

2 

= 0.883 


◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


395 



PROBLEM 3.133 

A torque of magnitude T- 2 kip • in. is applied to each of the steel 
bars shown. Knowing that r all = 6 ksi, determine the required 
dimension b for each bar. 


SOLUTION 


T = 2 kip • in. r max = 6 ksi 


1 


(a) Circle: c = —b 

2 


_ Tc _ 2T 167 

max “ ~~T ~ 3 " _ 7J 

J TIC Tib 

Z)3= J67 1= (16)(2) =L698in 3 


TIT 


6 ) 


(b) Square: a = b, — = 1.0 From Table 3.1, c x = 0.208 
T T . b 3 _ T 2 






rmax 


(0.208)(6) 


= 1.603 in 3 


(c) Rectangle: a = 2b — = 2.0, c\ = 0.246 

b 

T T . ^ = T 


c x ab 2 2C[6 3 


2c,r max (2>(0.246)C6) 


= 0.668 in 3 


b = 1.193 in. ◄ 


b = 1.170 in. ◄ 


b = 0.878 in. ◄ 
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SOLUTION 


T = 300 N • m r max = 60 x 10 6 Pa 

(a) Circle: c = —b 

2 


Tc 2 T 167 

max _ r _ 3" — 77 

J nc 7tb 

, 3 167 (16)(300) 3 

Z> 3 = = 7 4- = 25.46 x 10 6 m 3 

^max ^(60 X 10 6 ) 


(Z>) Square: a = b, — = 1.0 From Table 3.1, q = 0.208 
6 


r ,. z> 3 = r 


300 


c x ab 2 c ^ " c x T m ^ (0.208)(60 x 10 6 ) 


24.04 xl0“ 6 m 3 


b = 29.4 x 10" 3 m = 29.4 mm ◄ 


b = 28.9 x 10“ 3 m = 28.9 mm ◄ 


(c) Rectangle: a = 2b, 


2.0, c, = 0.246 


T T b3 _ T 


max r 2 o O 

aab 2cib 


2 c l r max 


300 


(2X0.246X60 x 10 6 ) 
10.16 xl0“ 3 m 3 


b = 21.7 x 10 _3 m = 21.7 mm ◄ 
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PROBLEM 3.135 

<1 


A 1.25-m-long steel angle has an L127 x 76 x 6.4 cross section. From 
Appendix C we find that the thickness of the section is 6.4 mm and that 
its area is 1250 mm 2 . Knowing that r a n = 60 MPa and that G = 77.2 GPa, 
and ignoring the effect of stress concentrations, determine (< a ) the largest 
torque T that can be applied, ( b ) the corresponding angle of twist. 


SOLUTION 


A = 1250 mm 2 b = 6.4 mm = 0.0064 m 

a = — = 1?^. = 195.313mm = 0.195313m 
b 6.4 

± = 195313 = 30.518, — = 0.032768 
b 6.4 a 


Cl = C 2 = I II- 0.630 


b ' 
a y 


= 0.32645 


‘'max , i 

Cidb 


T = c i ab w 


(a) 

T = 

(b) 

<P = 


<P = 


TL 


c \ ab T mm L _ c x r mm L _ 

bG 


c 2 ab i G c 2 ab 3 G 


c 2 bG 


(60x10^(1.25) _ 15L797 xl0 - 3 rad 


(0.0064)(77.2 x 10 y ) 


T = 157.0 kN -m ◄ 


<p = 8.70° ◄ 
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lin. 


L8 X 8 X 1 



PROBLEM 3.136 

A 36-kip • in. torque is applied to a 10-ft-long steel angle with an L8 x 8 x 1 cross 
section. From Appendix C, we find that the thickness of the section is 1 in. and that its 
area is 15 in 2 . Knowing that G - 11.2 x 10 6 psi, determine (a) the maximum shearing 
stress along line a-a , ( b ) the angle of twist. 


SOLUTION 


Since 

or 


A 15 in 2 

a = — = = 15 in., b = 1 in., 

t 1 in. 


a 1 

- > 5, ci = c 2 = - 
b 3 


1 


Co = - 


( b 

1 - 0.630- 

V a 

°- 630 ' 0.3193 


15 


T = 36 x 10 3 lb • in.; L = 120 in.; 



G = 11.2 x 10 6 psi 


(a) Maximum shearing stress: 


c x ab z 


36 x 10" 


(0.3193)(15)(ir 


7.52 x 10 3 psi 


r mav = 7.52 ksi ◄ 


( b ) Angle of twist: (p = 


TL 


c 2 ab z G 


(p 


(36 x 10 3 )(120) 


(0.3 193)(1 5)(1) 3 (1 1 .2 x 10 6 ) 


0.08052 radians 


cp = 4.61° ◄ 
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W310 X 60 


PROBLEM 3.137 

A 4-m-long steel member has a W310 x 60 cross section. Knowing that 
G = 77.2 GPa and that the allowable shearing stress is 40 MPa, determine 
(a) the largest torque T that can be applied, ( b ) the corresponding angle of 
twist. Refer to Appendix C for the dimensions of the cross section and 
neglect the effect of stress concentrations. (Hint: consider the web and 
flanges separately and obtain a relation between the torques exerted on the 
web and a flange, respectively, by expressing that the resulting angles of 
twist are equal.) 


SOLUTION 


W3 10 x 60, L = 4 m, G = 77.2 GPa, r all 


For one flange: From App. C, 


40 MPa 

a = 203 mm, b = 13.1 mm, alb = 15.50 


Eq. (3.45): 


1 


Ci = Co 


0.630 

15.50 


0.31979 


T L 

Eq. (3.44): </> f = — f - 


TA 4) 


c 2 ab 3 G 0.31 979(0.203)(0.0 1 3 1) 3 (77.2 x 10 9 ) 


<j> f = 355.04 x lO~ 6 T f 

From App. C, a = 302 - 2(13.1) = 275.8 mm, b = lA9mm, alb = 36.822 


For web : 
Eq. (3.45): 

Eq. (3.44): 


c i = c 2 = jl 1 - 


0.630 
36.822^ 


= 0.32763 


0.32763(0.2758)(0.00749) 3 (77.2 x 10 9 ) 


K = 1364.64 x 10~ 6 T W 
Since angle of twist is the same for flanges and web, 

<t> f = (j>„\ 355.04 x 10 _6 Zy = 1364.64 x 10 _6 7^ 

T f = 3.8436r w 


( 1 ) 


( 2 ) 


(3) 


But the sum of the torques exerted on the two flanges and on the web is equal to the torque T applied to the 
member: 


2 T f +T W = T 


(4) 
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PROBLEM 3.137 (Continued) 


Substituting for 7y from (3) into (4), 


From (3), 

For one flange: 
From Eq. (3.43), 

Eq. (6): 

For web : 

Eq. (5): 


2(3.84367J + T W = T T w = 0.1151127 
T f = 3.8436(0.1151127) T f = 0.442447 

T f = c l ab 2 r max = 0.31979(0.203)(0.0131) 2 (40 x 10 6 ) 
= 445.62 N • m 
445.62 = 0.442447 

T w = qab 2 T mdX = 0.32763(0.2758)(0.00749) 2 (40 x 10 6 ) 

= 202.77 N • m 
202.77 = 0.1151127 


(a) Largest allowable torque: Use the smaller value. 


(b) Angle of twist: Use which is critical. 

Eq. (1): <f> = <j> f = (355.04 x 10“ 6 )(445.62) = 0.161763 rad 


( 5 ) 

( 6 ) 


T = 1007 N • m 


7 = 1762 N • m 
7 = 1007 N • m 

<j> = 9.27° ◄ 
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a 


a 


W8 X 31 


PROBLEM 3.138 

An 8-ft-long steel member with a W8 x 31 cross section is subjected to a 5-kip • in. torque. 
The properties of the rolled-steel section are given in Appendix C. Knowing that 
G = 11.2 x 10 6 psi, determine (a) the maximum shearing stress along line a-a , ( b ) the 
maximum shearing stress along line b-b , (c) the angle of twist. (See hint of Prob. 3.137.) 


SOLUTION 

Flange : 


Web: 


a = 8.00 in., b = 0.435 in., - = = 18.3908 


Tj' = c 2 ab : 


(l - 0.630|) 
G( Pf _ v G<P 


b 0.435 


c, = c 2 = -( 1 - 0.630^-1 = 0.32192 


cp f 


T A 

c^ab^G 


where Kf = c 2 ab 

3 


K f = (0.32192)(8.00)(0.435) = 0.21199 in 
a = 8.0 -(2)(0.435) = 7.13 in., b = 0.285 in., - = ^^ = 25.018 


C l~ C 2~ l 


b 0.285 

1 - 0.630—1 = 0.32494 m = T "\ 

a J c 2 ab 3 G 

. . U ~~~ V _ ^ 


T w = c 2 ab 3 = K 2121 where K = c 2 ab 

W Z W w z 

K 1V = (0.32494)(7.13)(0.285) 3 = 0.053632 in 4 


For matching twist angles, 
Total torque . 


<P f = <P W = <P 

T = 2T f +T w = (2 K f + KJ ^ 


Gtp 


T f = 


K f T 


„ KJ 

f W 


L 2 K p +K w J 2 K f +K w 2 K f + K w 

m (0.21199)(5000) „ (0.053632)(5000) „ „ . 

T f = ^^1, ~ = 2219.3 lb • in.; T w = — - - — - .. . = 561.46 lb • in. 


(a) T f = 


(2)(0.21199) + 0.053632 
2219.3 


(2)(0.21199) + 0.053632 


c x ab 2 (0.32192)(8.00)(0.435X 


■ = 4550 psi 


(6) r =^- = 56L46 


c x ab z (0.32494)(7.13)(0.285) 2 


= 2980 psi 


Tf = 4.55 ksi A 


t w = 2.98 ksi 4 


(0 ^ 


L 2 K f + K w 


(P 


TL 


G(2K f + KJ 


(p 


(5000)(96) 


(1 1.2 x 10 b )[(2)(0.21 199) + 0.53632] 


where L = 8 ft = 96 in. 


44.629 x 10“ 3 rad 


<p = 2.56° ◄ 
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I~' 

4 in. 

h \ 

iin. 

\ a 

f _ 

— I in. 

• * 

PROBLEM 3.139 

_ i in A 5 -kip • ft torque is applied to a hollow aluminum shaft having the cross 

section shown. Neglecting the effect of stress concentrations, determine the 
shearing stress at points a and b. 


t 

<■ 6 in. > 



SOLUTION 


T = (5)(10 3 )(12) = 60 x 10 3 lb • in. 
Area bounded by center line: 
a = bh = (5.5X3.75) = 20.625 in 2 


Area bounded by center line . 



\ * — S.S in.” ^ 


At Point a , £ = 0.25 in. 

- JL 

2ta 

_ 60 x IQ 3 

" (2)(0.25)(20.625) 

= 5.82 x 10 3 psi 


t = 5.82 ksi A 


At Point b , t = 0.50 in. 

- JL 

2ta 

_ 60 x IQ 3 

~ (2)(0.50)(20.625) 

= 2.91 x 10 3 psi r = 2.91 ksi ^ 
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PROBLEM 3.140 

A torque T = 750 kN • m is applied to a hollow shaft shown that has a uniform 8-mm 
wall thickness. Neglecting the effect of stress concentrations, determine the shearing 
stress at points a and b. 


SOLUTION 


Detail of comer. 


Area bounded by center line . 


b 




a = -b—b = —b 2 = — (76.144) 2 
2 2 4 4 

= 2510.6 mm 2 = 2510.6 x 10“ 6 m 2 

t = 0.008 m 

T 7S0 

r = = 7 — = 18.67 X 10 6 Pa 

2 ta (2)(0.008)(2510 x 10 -6 ) 


t = 18.67 MPa ◄ 
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< 50 mm 

PROBLEM 3.142 

50] 

mm 

/ 

/ 

20 mm A hollow member having the cross section shown is formed from sheet 
metal of 2-mm thickness. Knowing that the shearing stress must not 
exceed 3 MPa, determine the largest torque that can be applied to the 
member. 


20 mm 



SOLUTION 


Area bounded by center line. 



48 

a = (48)(18) + (3 0)(1 8) 

'3 = 1404 mm 2 = 1404 xl0“ 6 m 2 




48 


3o 

t = 0.002 m 



3o 

t = — or T = 2taz = (2)(0.002)(1404 x 10" 6 )(3 x 10 6 ) 

2ta 


IS 


T = 16.85 N • m ◄ 
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-50 mm- 



w 


10 mm 


PROBLEM 3.143 

A hollow member having the cross section shown is formed from sheet 
metal of 2-mm thickness. Knowing that the shearing stress must not 
exceed 3 MPa, determine the largest torque that can be applied to the 
member. 


SOLUTION 


4S 



« 

Area bounded by center line. 

a = (48X8) + (40X8) 

= 704 mm 2 = 704xl0" 6 m 2 
t = 0.002 m 


4o 


T = — T = 2 tar = (2)(0.002)(704 x 10“ 6 )(3 x 10 6 ) 

It a 

= 8.45 N • m 


◄ 
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2 mm 



PROBLEM 3.144 

A 90-N • m torque is applied to a hollow shaft having the cross section 
shown. Neglecting the effect of stress concentrations, determine the shearing 
stress at points a and b. 


SOLUTION 



Area bounded by center line . 




<SZ 





a 

T 

T a 


52 x 52 - 39 x 39 + — (39) 2 = 2377.6 mm 2 
4 

90 N • m 

T 90 N • m 

2 ta ~ 2(4 x 10“ 3 m)(2.3776 x 10“ 3 m 2 ) 

T 90 N • m 

2ta ~ 2(2 x 10 -3 m)(2.3776 x 10“ 3 m 2 ) 


2.3776 x 10" 3 m 2 


T a = 4.73 MPa ◄ 
r b = 9.46 MPa ◄ 
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~f PROBLEM 3.145 

2 in. 

| A hollow member having the cross section shown is to be formed from sheet metal of 
0.06-in. thickness. Knowing that a 1250-lb • in. torque will be applied to the member, 
d 2 in. determine the smallest dimension d that can be used if the shearing stress is not to 
I exceed 750 psi. 


2 in. 

=Jl 

3 in. 


SOLUTION 


Area bounded by center line . 

a = (5.94)(2.94) - 2.06 d = 17.4636 - 2.06 d 
t = 0.06 in., t = 750 psi, T = 1250 lb • in. 

- JL 

2ta 

T 

a = 

2tz 


17.4636 - 2.06 d 


1250 

(2X0.06X750) 


13.8889 


3.5747 

2.06 


= 1.735 in. 











d = 1.735 in. ◄ 
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2 in. d 


— — V 

2 in. 


2 in. 


PROBLEM 3.146 

A hollow member having the cross section shown is to be formed from sheet metal of 
0.06-in. thickness. Knowing that a 1250-lb • in. torque will be applied to the member, 
determine the smallest dimension d that can be used if the shearing stress is not to 
exceed 750 psi. 


3 in.- 


SOLUTION 


Area bounded by center line . 

a = (5.94)(2.94 -d) + 1 .94 d = 17.4636 - 4.00 d 
t = 0.06 in., t = 750 psi, T = 1250 lb -in. 

T 

2ta 


T 

a = 

ItT 


17.4636 - 4.00J 


1250 

(2)(0.06)(750) 


13.8889 


3.5747 

4.00 


= 0.894 in. 





s. n 


d = 0.894 in. ◄ 
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PROBLEM 3.147 

A cooling tube having the cross section shown is formed from a sheet of stainless 
steel of 3-mm thickness. The radii c\ = 150 mm and C 2 = 100 mm are measured to 
the center line of the sheet metal. Knowing that a torque of magnitude T - 3 kN • m 
is applied to the tube, determine (a) the maximum shearing stress in the tube, ( b ) the 
magnitude of the torque carried by the outer circular shell. Neglect the dimension of 
the small opening where the outer and inner shells are connected. 


SOLUTION 


Area bounded by center line. 



a = tt(c^ - cf) = ;r(150 2 - 100 2 ) = 39.27 x 10 3 mm 2 

= 39.27 xl0“ 3 m 2 
t = 0.003 m 


(a) 

T= T = 3x10 = 12.73 xio 6 Pa 

2 ta (2)(0.003)(39.27 x 10" 3 ) 

t = 12.76 MPa ◄ 

(b) 

7j = (2/rC|frC|) = l/zc^tr 

= 2;t(0.150) 2 (0.003)(12.73 x 10 6 ) = 5.40 x 10 3 N • m 

7] = 5.40 kN-m ◄ 
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0.08 in. 



PROBLEM 3.148 

A hollow cylindrical shaft was designed to have a uniform wall thickness of 
0. 1 in. Defective fabrication, however, resulted in the shaft having the cross 
section shown. Knowing that a 15 -kip • in. torque is applied to the shaft, 
determine the shearing stresses at points a and b. 


SOLUTION 




Radius of outer circle = 1.2 in. 




Radius of inner circle = 1 . 1 in. 




Mean radius = 1.15 in. 




Area bounded bv center line. 




a = nrl = ;r(1.15) 2 = 4.155 in 2 




At point a , 

t = 

0.08 in. 



T 

15 

r = 22.6 ksi A 

T — 

2 ta 

(2X0.08X4.155) 

At point b , 

t = 

0.12 in. 



T 

15 

r = 15.04 ksi A 

T — 

2 ta 

(2X0.12X4.155) 
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PROBLEM 3.149 

Equal torques are applied to thin-walled tubes of the same length Z, 
same thickness t , and same radius c. One of the tubes has been slit 
lengthwise as shown. Determine (a) the ratio r b / r a of the maximum 
shearing stresses in the tubes, ( b ) the ratio (p h l(p a of the angles of twist 
of the shafts. 


SOLUTION 

Without slit : 

Area bounded by center line , a = tzc 2 

- T 
Ta ~2ta 

J « Inc^t 


With slit: 


2 7TC 2 t 


<Pa 


TL 


a = 2 tic, b = t, — = 


TL 

GJ 27i(?tG 
2 nc 


» 1 


( a ) Stress ratio : 

( b ) Twist ratio : 


^2 — 

2 3 


37 


Tu = 


c,ab z 2ncr 


(Pb = 

c 1 ab i G 

II = 

37 

T a 

2n ct 2 

<Pb_ = 

377 

(Pa 

2 7TCt 3 G 


377 

2 ncV’G 


27rc 2 t 


3 £ 

t 


2jrc^tG _ 

TL ~ t 2 


i* = 2£ 4 


% 


3c 2 
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PROBLEM 3.150 

A hollow cylindrical shaft of length Z, mean radius c m9 and uniform 
thickness t is subjected to a torque of magnitude T. Consider, on the 
one hand, the values of the average shearing stress r ave and the angle 
of twist cp obtained from the elastic torsion formulas developed in 
Secs. 3. 1C and 3.2 and, on the other hand, the corresponding values 
obtained from the formulas developed in Sec. 3.10 for thin-walled 
shafts, (a) Show that the relative error introduced by using the thin- 
walled-shaft formulas rather than the elastic torsion formulas is the 
same for r ave and cp and that the relative error is positive and 
proportional to the ratio tlc m . ( b ) Compare the percent error 
corresponding to values of the ratio t!c m of 0.1, 0.2, and 0.4. 


SOLUTION 


Let c 2 = outer radius = c m + jt and c x = inner radius = c m - j- 1 


J = j(4 - ct) = j(c 2 + c^j(c 2 + c,)(c 2 - q) 


n 

~2 

2 n 

T _ £m 

J 


TL 

<P\ = — 
1 JG 


c m + c n/ + ~ f2 + c m~ c n/ + ~ fl 


(2c m )t 


9 1 9 

cl + -r 


j 


C nJ 

T 


cl + -t 2 \t 


It: 


4 

TL 


2tt\ cl + - 1 2 


cjG 


Area bounded by center line . 


(a) Ratios: 


a = nc n 

T 


(P 2 


^ave _ 


2ta 2 nc 2 m t 

TL rds _ TL(2ncJt) 


TL 


4a 2 G 


2ttc 2 J 


TL 


4 {nclfG 2nc? m tG 




4 


l r 

+ 4 c 2 


(fh 

(p x 2 n(? m tG 


271 [ C l + \ t2 ) C m tG 

TL 


1 + !A 

4 c 
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PROBLEM 3.150 ( Continued ) 
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PROBLEM 3.151 

A steel pipe of 12-in. outer diameter is fabricated from 
2 -in. -thick plate by welding along a helix which forms an angle 
of 45° with a plane perpendicular to the axis of the pipe. 
Knowing that the maximum allowable tensile stress in the weld 
is 12 ksi, determine the largest torque that can be applied to the 
pipe. 
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25 mm 


75 mm 


30 mm 


PROBLEM 3.152 

A torque of magnitude T = 120 N • m is applied to shaft AB of the gear 
train shown. Knowing that the allowable shearing stress is 75 MPa in 
each of the three solid shafts, determine the required diameter of 
(< a ) shaft AB , ( b ) shaft CD, (c) shaft EF. 


SOLUTION 


Statics: 


Shaft AB: 

to 

II 

II 

II 

Gears B and C: 

r B = 25 mm, r c = 60 mm 

Force on gear circles. 

ii 

E~?| »? 
II 
o 
b? 


T c = T b = —T = 2.4 T 

r B 25 

Shaft CD: 

Tcd =T c =T d = 2AT 

Gears D and E\ 

r D = 30 mm, r E = 75 mm 

Force on gear circles. 

II 

II 


T e = —T d = ^(2.470 = 6T 
r D 30 

Shaft EF: 

B-H 

so 

II 

II 

II 

*5 

Required diameters. 

_ Tc _ 2 T 

Drtax ~ T — 3 

J TIC 


3/2 T_ 

V TIT 

, „ „ 1 2 T 

d = 2c = 23 

V ^"max 


r max = 75 X 10 6 Pa 
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SOLUTION 

Calculation of torques : 

T T r 

Circumferential contact force between gears B and C: F = T CD = —T AB 


Twist in shaft CD\ 


T ab = 1200 N • m T cd = —(1200) = 3600 N • m 

80 

C = —d = 0.030 m, L = 1.2 m, G = 77.2xl0 9 Pa 
2 


J = -c 4 = — (0.030) 4 = 1.27234 x 10“ 6 m 4 
2 2 


<Pc/D 


TL 


(3600)(1.2) 


43.981 xl0“ 3 rad 


GJ (77.2 xl0 9 )(l. 27234 xl0“ 9 ) 

Rotation angle at C . tp c = <p c/D = 43.981 x 10 _3 rad 

Circumferential displacement at contact points of gears B and C: 8 - r c cp c = r B cp B 


Rotation angle at B . 
Twist in shaft AB\ 


cp B = ^(p c = —(43.981 x 10" 3 ) = 131.942 x 10" 3 rad 
r B 80 

c = —d = 0.021 m, I = 1.6 m, G = 77.2xl0 9 Pa 
2 

J = —c 4 = — (0.02 1) 4 = 305.49 x 10 9 m 4 
2 2 


<Pa/b ~ 


TL 


(1200)(L6) 


GJ (77.2 x 10 y )(305.49 x 10“ 9 ) 


= 81.412 xl0“ 3 rad 


Rotation angle at^ . 


cp A = (p B + (p A / B ~ 213.354 x 10 3 rad 


cp A = 12.22° ◄ 
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0.5 in 




— 0.625 in. 


T B 


I 


PROBLEM 3.154 

In the bevel-gear system shown, a = 18.43°. Knowing that the 
allowable shearing stress is 8 ksi in each shaft and that the system is in 
equilibrium, determine the largest torque T A that can be applied at A. 


SOLUTION 


Using stress limit for shafts, 

r = 8 ksi, c = —d = 0.25 in. 

2 

T A = — = — tc 3 = — (8)(0.25) 3 = 0.196350 kip • in. 
c 2 2 

Using stress limit for shaft B , 

t = 8 ksi, c = —d = 0.3 125 in. 

2 

T b = — = — T(? = — (8)(0.3125) 3 = 0.3835 kip • in. 
c 2 2 

From statics, 

T a = ^T b = (tan a)T B 

r B 


T a = (tanl8.43°)(0.3835) = 0.1278 kip • in. 

The allowable value of T A is the smaller. 


T a = 0.1278 kip • in. T A = 127.8 lb • in. ◄ 
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PROBLEM 3.155 

The design specifications for the gear-and-shaft system 
shown require that the same diameter be used for both 
shafts, and that the angle through which pulley A will 
rotate when subjected to a 2-kip • in. torque T A while 
pulley D is held fixed will not exceed 7.5°. Determine 
the required diameter of the shafts if both shafts are made 
of a steel with G = 1 1.2 x 10 6 psi and r all =12 ksi. 
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PROBLEM 3.156 

A torque of magnitude T = 4 kN • m is applied at end A of the 
composite shaft shown. Knowing that the modulus of rigidity 
is 77.2 GPa for the steel and 27 GPa for the aluminum, 
determine (a) the maximum shearing stress in the steel core, 

(b) the maximum shearing stress in the aluminum jacket, 

(c) the angle of twist at A. 


SOLUTION 


Steel core: 


Torque carried by steel core . 
Aluminum j acket : 


q = 2 d x = 0.027 m J, = y q 4 = y (0.027) 4 = 834.79 x 10“ 9 

Gj/j = (77.2 x 10 9 )(834.79 x 10“ 9 ) = 64.446 x 10 3 N • m 2 
7 ] = G\J\(p!L 

Cj = d x = 0.027 m, c 2 = ~^d 2 - 0.036 m 

J 2 =j(c 2 -q 4 ) = y (0.036 4 - 0.027 4 ) = 1.80355 x 10" 6 m 4 
G 2 J 2 = (27 x 10 9 )(1. 80355 x 10" 6 ) = 48.70 x 10 3 N • m 2 


Torque carried by aluminum jacket . T 2 = G 2 J 2 (p!L 


Total torque: 


T = 7] + T 2 


(G|,/| + G 2 J 2 ) <pl L 


(p 


4x10 


L G,./, + G 2 J 2 64.446 x 10 3 + 48.70 x 10 3 

(a) Maximum shearing stress in steel core. 


= 35.353 xlO -3 rad/m 


t = G x y = Gjq^ = (77.2 x 10 9 )(0.027)(35.353 x 10“ 3 ) 
(. b ) Maximum shearing stress in aluminum jacket. 

t = G 2 y = G 2 c 2 -| = (27 X 10 9 )(0.036)(35.353 x 10“ 3 ) 


= 73.7 x 10° Pa 


= 34.4 x 10 b Pa 


(c) Angle of twist. 


(p=L^= (2.5)(35.353 x 10“ 3 ) = 88.383 x 10“ 3 rad 


73.7 MPa ◄ 

34.4 MPa ◄ 
<p = 5.06° ◄ 
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PROBLEM 3.157 

Ends A and D of the two solid steel shafts AB and CD are 
fixed, while ends B and C are connected to gears as shown. 
Knowing that the allowable shearing stress is 50 MPa in 
each shaft, determine the largest torque T that may be 
applied to gear B. 
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PROBLEM 3.157 (Continued) 


Substitute from (5) and (6) into (1). 

d, = 0.4 d> r : 235.79 x 10 3 ^ = 0.4 x 1242 x 10 3 

VB Vc G G 

T cd = 0.474627^ 

Substitute for T CD from (7) into (4). 

7 = 7^ + 2.5(0.474627^) 

Solving (7) for T AB and substituting into (8), 

7 = 2.1865 f Tcd 
{ 0.47462 


7 =2.1865 T ab 


7 = 4.60687 CZ) 


Stress criterion for shaft AB: 


From (8), 

Stress criterion for shaft CD: 


tab = 7 m = 50 MPa 


L AB 


T_abC 

J 


J 


71 „3 


L AB 


L AB 


C T 


AB 


n 


= — (0.030 my (50 x 10° Pa) = 2120.6 N • m 


7 = 2.1865(2120.6 N • m) = 4.64 kN • m 


(7) 

( 8 ) 

(9) 


t cd = 7,11 = 50 MPa: 

tcd =^f- T CI) = |c 3 t cd = ^(0.0225 m) 3 (50 x 10 6 Pa) 

= 894.62 N • m 

From (7), 7 = 4.6068(894.62 N • m) = 4.12 kN • m 

The smaller value for 7 governs. 

7 = 4.12 kN -m ◄ 
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PROBLEM 3.158 

As the hollow steel shaft shown rotates at 180 rpm, a stroboscopic 
measurement indicates that the angle of twist of the shaft is 3°. 
Knowing that G = 77.2 GPa, determine (a) the power being 
transmitted, ( b ) the maximum shearing stress in the shaft. 


SOLUTION 


— =30 mm 


Ci = 


J = 


Angular speed: 


— <7, = 12.5 mm 
2 1 

*-(c 2 4 -c?) = y[( 30) 4 - (12.5) 4 ] 


2 ^ ’ 2 
= 1.234 x 10 6 mm 4 = 1.234 x 10“ 6 m 4 
(p = 3° = 0.05236 rad 

TL 
GJ 


GJ(p {112 x 10 9 )(1 .234 x 10 _6 )(0.0536) 


L 


997.61 N • m 


/ = 180 rpm = 3 rev/sec = 3 Hz 


(a) Power being transmitted . P = 2 nfT = 2^-(3)(997.61) = 18.80 x 10 3 W 


Tc 2 (997.6 1)(30 x 10 -3 ) 


(. b ) Maximum shearing stress . r m = —j- = 


1.234 x 10 


-6 


P = 18.80 kW ◄ 


= 24.3 x 10 b Pa 


r m = 24.3 MPa ◄ 
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PROBLEM 3.159 

Knowing that the allowable shearing stress is 8 ksi for the stepped shaft 
shown, determine the magnitude T of the largest torque that can be 
transmitted by the shaft when the radius of the fillet is (a) r = 

(b)r = \ in. 


SOLUTION 


D = 2 in. 


1.5 in. 


D_ 

~d 


1.33 


c = 


-d = 0.75 in. 
2 


W = 8 ksi 


T 

‘'max 



or 


j- _ ^ ^~max _ 


Kc 


IK 


(a) r = — in. 

16 

r_ _ 0.1875 
d ~ 1.5 


r = 0.1875 in. 


0.125 


From Fig. 3.32, K = 1.33 

T _ ^(8)(0.75) 3 
(2)(1.33) 


(b) 


1 . 

r = — in. 
4 

r 0.25 


d 1.5 


0.1667 


r = 0.25 in. 


From Fig. 3.32, AT = 1.27 

T fl~(8)(0.75) 3 

(2X1-27) 


T = 3.99 kip ■ in. ◄ 


T = 4.17 kip-in. ◄ 
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6 in, 



1.5 in. 


0.5 in. 


0.2 in. 


PROBLEM 3.160 

A hollow brass shaft has the cross section shown. Knowing that the 
shearing stress must not exceed 12 ksi and neglecting the effect of stress 
concentrations, determine the largest torque that can be applied to the 
shaft. 
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PROBLEM 3.161 

Two solid brass rods AB and CD are brazed to a brass sleeve EF. 
Determine the ratio d 2 /d x for which the same maximum shearing stress 
occurs in the rods and in the sleeve. 


SOLUTION 



Let 

Ci - — A and c 9 = —d 1 

1 2 2 


Shaft AB: 

Tc x IT 

1 J x 7TC X 


Sleeve EF\ 

Tc 2 2 Tc ? 

r 2 = j = j 4 4 \ 

J 2 n\c 2 -q j 


For equal stresses, 

IT 2Tc 2 

nc\ 



4 4 3 

C 2 Cj — Cj c 2 


Let x - — 
c \ 

x 4 - l - x or x - ^j\ + x 


Solve by successive 

approximations starting with x 0 = 1.0. 

jq = 4/2 = 1.189, ;t 2 = a /2.189 = 1.216, x 3 = ^2.216 = 1.220 
x 4 = a /2.220 = 1.221, x 5 = a /2.221 = 1.221 (converged). 



x = 1.221 = 1.221 

c i 

E = 1.221 ◄ 

d x 
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PROBLEM 3.162 

The shaft AB is made of a material that is elastoplastic with 
t y = 12.5 ksi and G = 4 x 10 6 psi. For the loading shown, determine 
(a) the radius of the elastic core of the shaft, ( b ) the angle of twist of 
the shaft. 


SOLUTION 


0.5 in. 

J Ty 


Ty=^- = -c\ = — (0. 5) 3 (1 .25) = 2.454 kip • in. 
c 2 2 

T - 3 kip • in. > t y plastic region with elastic core 


T = -T v 


1 _ 1 Py 

4 c 3 


Pt = 4- — = 4 

T 


(3X2.454) 


= 0.33307 


J 


Py_ = 

L = 6 ft = 72 in. 


242 = 0.69318 

c 


_TyL_ 2TyL _ 

97 ~ JG - ttc 4 G ~ ^-(0.5) 9 (4 X 10 3 ) 


p Y = (0.69318)(0.5) = 0.347 in. 

G = 4x 10 6 psi = 4x 10 3 ksi 
(2)(2.454)(72) 


= 0.4499 rad 


cp Y _ p Y _ Vy _ 0.4499 

cpc ^ p Y /c 0.69318 


= 0.64904 rad = 37.2° 
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PROBLEM 3.C1 



Element n 


Element 1 


Shaft AB consists of n homogeneous cylindrical elements, which 
can be solid or hollow. Its end A is fixed, while its end B is free, 
and it is subjected to the loading shown. The length of element i 
is denoted by Z- , its outer diameter by OD i , its inner diameter 
by ID t , its modulus of rigidity by G t , and the torque applied to 
its right end by T-, the magnitude T t of this torque being 
assumed to be positive if T- is counterclockwise from end B and 
negative otherwise. (Note that ID { = 0 if the element is solid.) 
( a ) Write a computer program that can be used to determine the 
maximum shearing stress in each element, the angle of twist of 
each element, and the angle of twist of the entire shaft. ( b ) Use 
this program to solve Probs. 3.35, 3.36, and 3.38. 


SOLUTION 


For each cylindrical element , enter 


OD i9 m i9 G i9 T t 

and compute 

= (/r/32)(<9Z) 4 - IDf j 


Outline of program . 

Update torque T = T + 7] 

and compute 

T t = T(OD i /2)/J i 

<t> l =TL l /G i J l 

Angle of twist of entire shaft, starting with 0 = 0, update through nth element 


6 = 0 + ^ 

Program Outputs 

Problem 3.35 



Maximum Stress 

Angle of Twist 

Element 

(MPa) 

(degrees) 

1.0000 

11.9575 

1.3841 

2.0000 

23.0259 

1.8323 


Angle of twist for entire shaft = 3.2164° 
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PROBLEM 3.C1 (Continued) 


Program Outputs (Continued) 
Problem 3.36 



Maximum Stress 

Angle of Twist 

Element 

(MPa) 

(degrees) 

1.0000 

56.5884 

2.5199 

2.0000 

36.6264 

0.8864 


Angle of twist for entire shaft = 3.4063° 
Problem 3.38 



Maximum Stress 

Angle of Twist 

Element 

(MPa) 

(degrees) 

1.0000 

87.3278 

4.1181 

2.0000 

56.5884 

1.0392 

3.0000 

70.5179 

0.8633 


Angle of twist for entire shaft = 6.0206° 
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PROBLEM 3.C2 

The assembly shown consists of n cylindrical shafts, which can be solid 
or hollow, connected by gears and supported by brackets (not shown). 
End A x of the first shaft is free and is subjected to a torque T 0 , while 
end B n of the last shaft is fixed. The length of shaft A i B i is Z- , its outer 
diameter OD t , its inner diameter 7D Z , and its modulus of rigidity G r 
(Note that IDf = 0 if the element is solid.) The radius of gear A i is a i , 
and the radius of gear B { is h i . (a) Write a computer program that can 
be used to determine the maximum shearing stress in each shaft, the 
angle of twist of each shaft, and the angle through which end A i rotates. 
(. b ) Use this program to solve Probs. 3.41 and 3.44. 


SOLUTION 

Torque in shafts . Enter 7] = T 0 

T i+l =t;.(4 +1 /5,.) 


For each shaft , enter 


Compute : 


Li OD t ID, G, 

J, =(7r/32)(OD. -IDf j 
r i =T i (OD i /2)J i 


Angle of rotation at end A x : 

Compute rotation at the “ A ” end of each shaft. 


Start with angle = (j) n and update from n to 1, and add (j) i . 


Angle = Angle(4)/Z M + ^_ 1 


Program Output 

Problem 3.41 



Max Stress 

Angle of Twist 

Shaft No. 

(ksi) 

(degrees) 

1 

9.29 

1.493 

2 

12.16 

1.707 


Angle through which A\ rotates = 3.769° 
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PROBLEM 3.C2 (Continued) 


Program Output (Continued) 
Problem 3.44 



Max Stress 

Angle of Twist 

Shaft No. 

(ksi) 

(degrees) 

1 

104.31 

40.979 

2 

52.15 

20.490 

3 

26.08 

10.245 


Angle through which A \ rotates = 53.785° 
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PROBLEM 3.C3 

Shaft AB consists of n homogeneous cylindrical elements, which 
can be solid or hollow. Both of its ends are fixed, and it is 
subjected to the loading shown. The length of element i is 
denoted by L i , its outer diameter by OD t , its inner diameter by 
ID t , its modulus of rigidity by G t , and the torque applied to its 
right end by T- , the magnitude T i of this torque being assumed 
to be positive if T- is observed as counterclockwise from end B 
and negative otherwise. Note that ID t = 0 if the element is solid 
and also that 7j = 0. Write a computer program that can be used 
to determine the reactions at A and B , the maximum shearing 
stress in each element, and the angle of twist of each element. 
Use this program (a) to solve Prob. 3.55 and ( b ) to determine the 
maximum shearing stress in the shaft of Sample Problem 3.7. 


SOLUTION 


We consider the reaction at B as redundant and release the shaft at B. 

Compute 6 b with T B = 0: 


For each element, enter 

o 

II 

t-? 

ii 

<6 

o 

<3* 

§■ 

Compute 

J, = (tz/32)(OD. -ID?) 

Update torque 

T = T + T t 

And compute for each element 

t, =T(OD,/2)J i 


<i>,=TL t /G t J, 

Compute 0 B : Starting with 0 = 0 and updating through n elements. 


0. - 0. + (f). ; 0 B -0 n 

Compute 0 B due to unit torque at B. 


Unit 

T, = 00,12.1 t 

Unit 

= L,IG,J, 

For n elements, 


Unit 0 B (7) = Unit 0 B (i) + Unit fa 
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PROBLEM 3.C3 (Continued) 


Superposition: 

For total angle at B to be zero, 0 B + T B (Unit 0 B ( n )) = 0 


T b — # 5 /(Unit 0 B (n )) 


For each element: 


Program Outputs 


Problem 3.05 


Then T A = ZT(i) + T B 

Max stress: Total r- = + T B (Unit r z ) 


Angle of twist: Total 

4- =<t>i+T B (Unit 4 ) 

Problem 3.55 


T a = -0.295 kN • m 
T b =-1.105 kN-rn 

Element 

r max (MPa) 

Angle of Twist 
(degrees) 

i 

-45.024 

-0.267 

2 

27.375 

- 0.267 


T a = -51.733 lb • ft 
T b = -38.267 lb -ft 
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PROBLEM 3.C4 



The homogeneous, solid cylindrical shaft AB has a length L , a diameter d, a 
modulus of rigidity G, and a yield strength t y . It is subjected to a torque T that 
is gradually increased from zero until the angle of twist of the shaft has reached 
a maximum value (j) m and then decreased back to zero, (a) Write a computer 
program that, for each of 16 values of (j) m equally spaced over a range 
extending from 0 to a value 3 times as large as the angle of twist at the onset of 
yield, can be used to determine the maximum value T m of the torque, the 
radius of the elastic core, the maximum shearing stress, the permanent twist, 
and the residual shearing stress both at the surface of the shaft and at the 
interface of the elastic core and the plastic region. ( b ) Use this program to 
obtain approximate answers to Probs. 3.114, 3.115, 3.116. 
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PROBLEM 3.C4 (Continued) 


Interpolate between values at the values of 7 max or ^ max indicated, 
Problems 3.114 and 3.115 


T 


PHIM 

deg 

TM 

kip • in. 

RY 

in. 

TAUM 

ksi 

PHIP 

deg 

TAUR1 

ksi 

TAUR2 

ksi 


0.000 

0.000 

1.200 

0.000 

0.000 

0.000 

0.000 


7.878 

11.943 

1.200 

4.400 

0.000 

0.000 

0.000 


15.756 

23.886 

1.200 

8.800 

0.000 

0.000 

0.000 


23.635 

35.829 

1.200 

13.200 

0.000 

0.000 

0.000 


31.513 

47.772 

1.200 

17.600 

0.000 

0.000 

0.000 


39.391 

59.715 

1.200 

22.000 

0.000 

0.000 

0.000 


47.269 

68.101 

1.000 

22.000 

2.346 

1.092 

-3.090 


55.147 

72.366 

0.857 

22.000 

7.411 

2.957 

-4.661 


63.025 

74.761 

0.750 

22.000 

13.710 

4.786 

-5.543 

<- T imx = 75 kip • in. 

70.904 

76.207 

0.667 

22.000 

20.634 

6.402 

-6.076 


78.782 

77.132 

0.600 

22.000 

27.902 

7.792 

-6.417 


86.660 

77.751 

0.545 

22.000 

35.372 

8.980 

-6.645 


94.538 

78.181 

0.500 

22.000 

42.967 

9.999 

-6.803 


102.416 

78.488 

0.462 

22.000 

50.642 

10.878 

-6.916 


110.294 

78.714 

0.429 

22.000 

58.371 

11.643 

-6.999 


118.173 

78.883 

0.400 

22.000 

66.138 

12.313 

-7.062 
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PROBLEM 3.C4 (Continued) 


Problem 3.116 


PHIM 

deg 

TM 

kN-m 

RY 

mm 

TAUM 

MPa 

PHIP 

deg 

TAUR1 

MPa 

TAUR2 

MPa 

0.000 

0.000 

16.000 

0.000 

0.000 

0.000 

0.000 

0.807 

0.187 

16.000 

29.000 

0.000 

0.000 

0.000 

1.614 

0.373 

16.000 

58.000 

0.000 

0.000 

0.000 

2.421 

0.560 

16.000 

87.000 

0.000 

0.000 

0.000 

3.228 

0.746 

16.000 

116.000 

0.000 

0.000 

0.000 

4.036 

0.933 

16.000 

145.000 

0.000 

0.000 

0.000 

4.843 

1.064 

13.333 

145.000 

0.240 

7.198 

-20.363 

5.650 

1.131 

11.429 

145.000 

0.759 

19.486 

-30.719 

6.457 

1.168 

10.000 

145.000 

1.405 

31.542 

-36.533 

7.264 

1.191 

8.889 

145.000 

2.114 

42.197 

^10.046 

8.071 

1.205 

8.000 

145.000 

2.859 

51.354 

^12.292 

8.878 

1.215 

7.273 

145.000 

3.624 

59.184 

— 43.794 

9.685 

1.221 

6.667 

145.000 

4.402 

65.901 

— 44.837 

10.492 

1.226 

6.154 

145.000 

5.188 

71.699 

— 45.583 

11.300 

1.230 

5.714 

145.000 

5.980 

76.739 

— 46. 132 

12.107 

1.232 

5.333 

145.000 

6.776 

81.152 

— 46.543 
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PROBLEM 3.C5 

The exact expression is given in Prob. 3.158 for the angle 
of twist of the solid tapered shaft AB when a torque T is 
applied as shown. Derive an approximate expression 
for the angle of twist by replacing the tapered shaft by 
n cylindrical shafts of equal length and of radius 
r t =(n + i- j)(c/ri) 9 where / = 1, 2, . . . , n. Using for 7, 7, 
G, and c values of your choice, determine the percentage 
error in the approximate expression when (a) n = 4, 

( b ) n- 8, (c) =20, (<Z) n- 100. 


SOLUTION 


From Problem 3.158 , exact expression : 

, 1TL 
o = 

12xGc 4 
TT 

= 0.18568 — - 
Gc 4 


or 




12 71 


TL_ 

Gr 4 


Consider typical /th shaft: 





Enter unit values of 7, L , G, and c. 

( Note : Specific values can be entered). 

Enter initial value of zero for (j). 

Enter n = number cylindrical shafts. 

For i = 1 to n, update (/). 

(j) -(/) + Acj) 
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PROBLEM 3.C5 (Continued) 


Program Output 

Coefficient of TL/Gc 4 : 

Exact coefficient from Problem 3. 158 is 0.18568. 
Number of elemental disks = n. 


n 

Approximate 

Exact 

Percent Error 

4 

0.17959 

0.18568 

-3.28185 

8 

0.18410 

0.18568 

-0.85311 

20 

0.18542 

0.18568 

-0.13810 

100 

0.18567 

0.18568 

-0.00554 
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PROBLEM 3.C6 

A torque T is applied as shown to the long, hollow, tapered shaft AB of 
uniform thickness t. Derive an approximate expression for the angle of twist 
by replacing the tapered shaft by n cylindrical rings of equal length and of 
radius r t = (n + i-^Xc/n), where i = 1, 2, . . . ,n. Using for 7, 7, G, c and t 
values of your choice, determine the percentage error in the approximate 
expression when (a) n- 4, ( b ) n- 8, (c) n- 20, ( d) n- 100. 
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PROBLEM 3.C6 (Continued) 


Program Output 

Coefficient of TL/Gtc 3 : 

Exact coefficient from Problem 3.153 is 0.05968. 
Number of elemental disks = n. 


n 

Approximate 

Exact 

Percent Error 

4 

0.058559 

0.059683 

-1.883078 

8 

0.059394 

0.059683 

-0.483688 

20 

0.059637 

0.059683 

-0.078022 

100 

0.059681 

0.059683 

-0.003127 
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CHAPTER 4 






20 40 20 



PROBLEM 4.1 


M = 15 kN ■ m 

(1 


Knowing that the couple shown acts in a vertical plane, determine 
the stress at (< a ) point A, ( b ) point B. 


Dimensions in mm 


SOLUTION 

For rectangle: 


/ = — bh 3 
12 


Outside rectangle: I x = ^(80)(120) 3 


Cutout: 


I x = 11.52 x 10 6 mm 4 = 11.52 x 10“ 6 m 4 


I 2 = — (40)(80) J 


12 


1.70667 x 10° mm 4 = 1.70667 x 10“° m 


6 


Section: 

(a) y A = 40 mm = 0.040 m 

(b) y B - -60 mm = -0.060 m 


/ = /j -I 2 = 9.81333 xlO -6 m 4 


My A _ (15 x 10 3 )(0.040) 


9.81333 x 10 


>-6 


-61.6 x 10 6 Pa 


a. - -61.6 MPa ◄ 


On = ~ 


- - MZb _ (15 x 10 3 )(-0.060) _ 


9.81333 x 10 


,-6 


= 91.7x10° Pa 


o R = 91.7 MPa -4 
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2 in. 2 in. 2 in. 

hr 


M = 25 kip • in. 

nr “[2 m. / 

\_1.5 in. I 

£2 in. 


PROBLEM 4.2 

Knowing that the couple shown acts in a vertical plane, determine 
the stress at (a) point A, ( b ) point B. 


SOLUTION 


For rectangle: 


I = —bh 3 
12 


y 








"•’f ZTS 


J 

(*> 

© 



For cross sectional area: 


I = h + I 2 + h 


— (2)(1.5) 3 + — (2)(5.5) 3 
12 12 


+ — (2)(1.5) 3 = 28.854 in 4 
12 


(a) y A = 2.75 in. 


My A . (25X2.75) 

/ 28.854 


(b) y B = 0.75 in. 


My b (25X0.75) 

/ 28.854 


cr^ = -2.38 ksi -4 
u B = -0.650 ksi -4 
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PROBLEM 4.3 

Using an allowable stress of 155 MPa, determine the largest bending 
moment M that can be applied to the wide-flange beam shown. Neglect the 
effect of fillets. 


SOLUTION 


Moment of inertia about x-axis: 


h 

h 

h 

I 


= -jt-(200)(12) 3 + (200)(12)(104) 2 

= 25.9872 x 10 6 mm 4 

= — (8)(196) 3 = 5.0197 x 10 6 mm 4 
12 

= /, = 25.9872 x 10 6 mm 4 


1 1 

nV 

\D 


1 3 


= I x + I 2 + I 3 = 56.944 x 10 6 mm 4 = 56.944 x 10“ 6 m 4 

= with c = —(220) = 110 mm = 0.110 m 
/ 2 


M 

M x 


— with a = 155 x 10 6 Pa 

c 


(56.944 x 10~ 6 )(155 x 10 6 ) 

0.110 


= 80.2 x 10 3 N • m 


M x - 80.2 kN • m ◄ 
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PROBLEM 4.4 

Solve Prob. 4.3, assuming that the wide-flange beam is bent about they axis 
by a couple of moment M y . 

PROBLEM 4.3. Using an allowable stress of 155 MPa, determine the 
largest bending moment M that can be applied to the wide-flange beam 
shown. Neglect the effect of fillets. 


SOLUTION 

Moment of inertia about y axis: 


h = — (12)(200) 3 


1 


x 10 6 mm 4 


1 2 = — (196)(8) 3 = 8.3627 x 10" mm 4 

1 3 = /[ = 8 x 10 6 mm 4 


^5 

N3) 


I = I l + I 2 + I 3 = 16.0084 x 10 6 mm 4 = 16.0084 x 10“ 6 m 4 
Me 1 

a = with c = —(200) = 100 mm = 0.100 m 

/ 2 




with a = 155 x 10 6 Pa 


M„ 


(16.0084 xl0“ 6 )(155xl0 6 ) „ 1rt3xT 

= 24.8 x 10 J N • m 

0.100 


M,, = 24.8 kN • m ◄ 
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PROBLEM 4.5 

Using an allowable stress of 16 ksi, determine the largest couple that can be 
applied to each pipe. 


(a) 



0.1 in. 



0.5 in. 


SOLUTION 



(a) 

T 71 ( 4 

' = ir- - 

c = 0.6 in. 

r t 4 ) = ^-(0.6 4 - 0.5 4 ) = 52.7 x 10“ 3 in 4 



Me 

cj = : 

/ 

w <jI (16)(52.7 x 10“ 3 ) 

M = — = - — — 

c 0.6 

M = 1.405 kip • in. ◄ 

(b) 

/ = -(0.7 4 
4 

- 0.5 4 ) = 139.49 x 10" 3 in 4 



c = 0.7 in. 




II 

b 

,, a I (1 6)(1 39.49 x 10“ 3 ) 

M = — = - — — 

c 0.7 

M = 3.19 kip - in. ◄ 
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M = 2.8 kN • m 

( — 


PROBLEM 4.6 

Knowing that the couple shown acts in a vertical plane, 
determine the stress at (a) point A, ( b ) point B. 


SOLUTION 

I = —(0.120 m)(0.06 m) 3 - 2 — • —(0.02 m) 4 
12 |_12 4 

= 2.1391 xl0“ 6 mm 4 


My A _ (2.8 x IQ 3 N • m)(0.03 m) 

/ ~~ 2.1391 xl0“ 6 mm 4 


_ Mys _ (2.8 x IQ 3 N • m)(0.02 m) 
I 2.1391 xl0~ 6 m 4 


a A = -39.3 MPa ◄ 


o B = 26.2 MPa ◄ 
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PROBLEM 4.7 

Two W4xl3 rolled sections are welded together as shown. Knowing that for the steel 
alloy used o Y = 36 ksi and g v - 58 ksi and using a factor of safety of 3.0, determine the 
largest couple that can be applied when the assembly is bent about the z axis. 


SOLUTION 


Properties of W4 x 13 rolled section. 

(See Appendix C.) 

Area = 3.83 in 2 
Width = 4.060 in. 

I y =3.86 in 4 

For one rolled section, moment of inertia about axis b-b is 


y 


X 



T 

2,c>Zo 


2 , o 30 

-± l 


I b =I y + Ad 2 = 3.86 + (3.83)(2.030) 2 = 19.643 in 4 


For both sections, 


I z = 21 b = 39.286 in 4 
c = width = 4.060 in. 


'all 


M. 


all 


-^ = — = 19.333 ksi 
F.S. 3.0 

o- al i/ (19.333)(39.286) 
4.060 


Me 

a = 

I 


M all =187.1 kip -in. A 
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y 

PROBLEM 4.8 

i 

Two W4xl3 rolled sections are welded together as shown. Knowing that for the steel 
alloy used <Jjj = 58 ksi and using a factor of safety of 3.0, determine the largest couple 
c that can be applied when the assembly is bent about the z axis. 


1 



SOLUTION 

Properties of W4 x 13 rolled section . 
(See Appendix C.) 

Area = 3.83 in 2 
Depth = 4.16 in. 

4 =11.3 in 4 



For one rolled section, moment of inertia about axis a-a is 

I a = I x + A d 2 = 1 1 .3 + (3.83)(2.08) 2 = 27.87 in 4 


For both sections, 


L = 21 a =55.74 in 4 
c = depth = 4.16 in. 

cr ,, = = — = 19.333 ksi 

a F.S. 3.0 

M _ _ (19.333X55.74) 


Me 

<J = 

/ 


M all =259 kip -in. A 
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3 in. 3 in. 3 in. 



15 kips 15 kips 


A b\ 
| 

i j 

i . 

1 


-t 60 in j- 

— 

40 in. 


40 in. 


PROBLEM 4.9 

Two vertical forces are applied to a beam of the cross section shown. Determine 
the maximum tensile and compressive stresses in portion BC of the beam. 


SOLUTION 



A 

r 0 

Ay o 

© 

18 

5 

90 

© 

18 

l 

18 

z 

36 


108 


Neutral axis lies 3 in. above the base. 

/, = T b x h\ + A x d\ = ^-(3)(6) 3 + (18)(2) 2 = 126 in 4 

h = T. b 2 h\ + A 2 dj = T(9)(2) 3 + (18)(2) 2 = 78 in 4 
1 = 1] +/ 2 =126 + 78 = 204 in 4 


>’,<»„ = 5 in. v bot = -3 in. 

M - Pa = 0 

M = Pa = (1 5)(40) = 600 kip • in. 



°bot “ 


I 


(600X5) 

204 

(600X-3) 

204 



cr top = -14.71 ksi (compression) A 
<J bot =8.82 ksi (tension) A 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


455 


8 in. -»-j 


1 in - 


ZZIlin. 

t 


6 in. 


. 1 in. 


4 in. 


PROBLEM 4.10 

Two vertical forces are applied to a beam of the cross section shown. 
Determine the maximum tensile and compressive stresses in portion 
BC of the beam. 



SOLUTION 




A 

z 0 

4y 0 

© 

8 

7.5 

60 

© 

6 

4 

24 


4 

0.5 

2 

I 

18 


86 


o r 

Y= — = 4.778 in. 

0 18 


Neutral axis lies 4.778 in. above the base. 




A = + A x d\ = ^-(8)(1) 3 + (8)(2.772) 2 = 59.94 in 4 

1 2 = ~^b 2 h 2 + A 2 d 2 2 = ^(1)(6) 3 + (6)(0.778) 2 = 21.63 in 4 

1 3 = T b 3 h% + A 3 d 3 = -i-(4)(l) 3 + (4)(4.278) 2 = 73.54 in 4 

/ = / 1 +/ 2 +/ 3 =59.94 + 21.63 + 73.57 = 155.16 in 4 
y top = 3-222 in - 3V = - 4 -778 in. 

M -Pa = 0 

M = Pa = (25)(20) = 500 kip • in. 


'-hop 


My, 


top 


°bot “ 


I 

Vhbot 


(500)(3.222) 

155.16 

(500X-4.778) 

155.16 


<j top = -10.38 ksi (compression) A 
<r bot =15.40 ksi (tension) -4 
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10 mm 10 mm 


PROBLEM 4.11 


s 



^ — 


50 

. 

mm 

L 




10 mm 

50 mm — ► 

t 



Two vertical forces are applied to a beam of 
the cross section shown. Determine the 
maximum tensile and compressive stresses 
in portion BC of the beam. 


SOLUTION 




A, mm 2 


Ay 0 , mm 3 

© 

600 

30 

18xl0 3 

© 

600 

30 

18xl0 3 


300 

5 

1.5xl0 3 


1500 


37.5 xlO 3 


- 37.5 xlQ 3 

0 ” 1500 


= 25 mm 


Neutral axis lies 25 mm above the base. 


- 



T~ 

2S mi v\ 



2S mih 
_JL 



7j = ^(10)(60) 3 + (600)(5) 2 = 195 x 10 3 mm 4 7 2 =7, =195 mm 4 

7 3 =T(30)(10) 3 +(300)(20) 2 = 122.5 xlO 3 mm 4 
/ = /; +I 2 +I 3 =512.5xl0 3 mm 4 = 512.5 x 10 _9 m 4 


y top = 35 mm= 0.035 m y hot = -25 mm = -0.025 m 
a = 150 mm = 0.150m 7> = 10xl0 3 N 
M = Pa = (lOx 10 3 )(0.150) = 1.5 xl0 3 N-m 




(1.5x 10 3 )(Q.Q35) 
512.5 xlO -9 


= -102.4x 10 6 Pa 



(1.5 x 10 3 )(-0.025) =7 3 2xl p 6pa 
512.5 xlO -9 


? 

cr top = -102.4 MPa (compression) M 
°bot -73.2 MPa (tension) A 
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— 216 
y 

mm — ► 


54 mm 



36 mm 





i 

108 mm 
1 


c 




72 mm 


PROBLEM 4.12 

Knowing that a beam of the cross section shown is bent about a horizontal 
axis and that the bending moment is 6 kN • m, determine the total force 
acting on the shaded portion of the web. 


SOLUTION 


The stress distribution over the entire cross section is given by the bending stress formula: 



where y is a coordinate with its origin on the neutral axis and / is the moment of inertia of the entire cross 
sectional area. The force on the shaded portion is calculated from this stress distribution. Over an area 
element dA, the force is 


dF = a x 




The total force on the shaded area is then 

F = J dF = -J dA = -y jydA = -y y*A * 


where y is the centroidal coordinate of the shaded portion and A is its area. 


d x =54-18 = 36 mm 
d 2 = 54 + 36 - 54 = 36 mm 
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PROBLEM 4.12 (Continued) 


Moment of inertia of entire cross section: 

I x = ^b l h( + A l d x = ^(216)(36) 3 +(216)(36)(36) 2 = 10.9175 xlO 6 mm 4 

I 2 = ^b 2 h\+A 2 d 2 2 =^-(72)(108) 3 + (72)(108)(36) 2 = 17.6360x 10 6 mm 4 
7 = /, + 7 2 = 28.5535 x 10 6 mm 4 = 28.5535 x lO^m 4 


For the shaded area, 



A* = (72X90) = 6480 mm 2 
y* = 45 mm 

A*y* = 291.6xl0 3 mm 3 = 291.6xl0 _6 m 

(6x10 3 )(291.6x10~ 6 ) 
28.5535 xlO" 6 

= 61.3 x 10 3 N 



T 7 = 61.3 kN ◄ 
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20 mm 20 mm 



24 mm 
20 mm 
20 mm 
24 mm 


PROBLEM 4.13 

Knowing that a beam of the cross section shown is bent about a horizontal axis 
and that the bending moment is 4 kN • m, determine the total force acting on 
the shaded portion of the beam. 


SOLUTION 

Dimensions in mm: 

7 z =1-(12 + 12)(88) 3 +1-(40)(40) 3 

= 1.3629xl0 6 +0.213xl0 6 
= 1. 5763 x 1 0 6 mm 4 =1.5763 xl0 _6 m 4 

For use in Prob. 4. 14, 

I y = -^(88)(64) 3 -F(24 + 24)(40) 3 

= 1.9224 xlO 6 - 0.256 xlO 6 
= 1. 6664 x 1 0 6 mm 4 =1.6664 xl0 _6 m 4 
Bending about horizontal axis . M z — 4 kN • m 




a A 




M z c 

M z c 


(4 kN • m)(0.044 m) 
1.5763 xl0“ 6 m 4 
(4 kN • m)(0.020 m) 
1.5763 xlO -6 m 4 


111.654 MPa 
50.752 MPa 
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PROBLEM 4.13 (Continued) 


Portion Ilk A = (44)(12) = 528 mm 2 = 528 x 10“ 6 m 2 

^avg =\<r A =|(1 11.654) = 55.83 MPa 

Force! = a avg A = (55.83 MPa)(528 x 10" 6 m 2 ) = 29.477 kN 
Portion (2) : A = (20)(20) = 400 mm 2 = 400 x 10“ 6 m 2 

(T avg = 1 a B = ^-(50.752) = 25.376 MPa 

Force 2 = cr avg A = (25.376 MPa)(400x 10 -6 m 2 ) = 10.150 kN 
Total force on shaded area = 29 All + 10.150 = 39.6 kN 


◄ 
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20 mm 20 mm 



24 mm 
20 mm 
20 mm 
24 mm 


PROBLEM 4.14 

Solve Prob. 4.13, assuming that the beam is bent about a vertical axis by a 
couple of moment 4 kN • m. 

PROBLEM 4.13. Knowing that a beam of the cross section shown is bent 
about a horizontal axis and that the bending moment is 4 kN • m, determine the 
total force acting on the shaded portion of the beam. 
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0.5 in. 0.5 in. 0.5 in. 



PROBLEM 4.15 

Knowing that for the extruded beam shown the allowable stress is 12 ksi 
in tension and 16 ksi in compression, determine the largest couple M that 
can be applied. 


) 


M 


SOLUTION 



v 3.375 A ^ . 

Y = = 0.75 in. 


4.50 


The neutral axis lies 0.75 in. above bottom. 

j top = 2.0 -0.75 = 1.25 in., 


Tbot = -°- 75 in- 


/, = —b x hl +A x dl =^(1.5)(1.5) 3 + (2.25)(0.5) 2 =0.984375 in 4 


12 

J_ 

12 


1 2 = ~^b 2 hl + A 2 dl = -^-(4.5)(0.5) 3 + (2.25)(0.5) 2 =0.609375 in 4 


I = I X +I 2 =1.59375 in 4 


\<j\ = 


My 


\M\ = 


<jI 


y 


Top: (compression) 


w (16)(1.59375) . 

M = v — . = 20.4 kip • m. 


Bottom: (tension) M = 

Choose the smaller as M a n. 


1.25 

(12)(1.59375) 

0.75 


= 25.5 kip • in. 


M all = 20.4 kip • in. 4 
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PROBLEM 4.16 

The beam shown is made of a nylon for which the allowable stress is 
24 MPa in tension and 30 MPa in compression. Determine the largest 
couple M that can be applied to the beam. 


SOLUTION 



A, mm 2 

y 0 , mm 

Ay 0 , mm 3 

© 

600 

22.5 

13.5 x 10 3 

© 

300 

7.5 

2.25 xlO 3 

z 

900 


15.75 xlO 3 



- _ 15.5 x 10 
900 


= 17.5 mm The neutral axis lies 17.5 mm above the bottom. 


v = 30 -17.5 = 12.5 mm = 0.0125 m 


top 

Tbot 


-17.5 mm = -0.0175 m 


/, = + 4 d 2 = T(40)(15) 3 + (600)(5) 2 = 26.25 x 10 3 mm 4 

I 2 = ^b 2 h 3 2 +A 2 d 2 = yt-(20)(15) 3 + (300)(10) 2 = 35.625 xlO 3 mm 4 
I = I X +/ 2 = 61.875 xlO 3 mm 4 =61.875 xl0 _9 m 4 


My 


M 


<jI 


y 


Top: (tension side) 


,, (24 x 10 6 )(6 1.875 x 10“ 9 ) 1100XT 

M = - — - = 118.8 N-m 

0.0125 


Bottom: (compression) 
Choose smaller value. 


^ (30x 10 b )(61.875 x 10~ 9 ) 1A ^ 1XT 

M =- — - = 106.1 N-m 

0.0175 


M = 106.1 N m ◄ 
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^ 40 mm ^ 

PROBLEM 4.17 

t 

15 mm 
1 




d = 

Solve Prob. 4.16, assuming that d = 40 mm. 

30 mm 

PROBLEM 4.16 The beam shown is made of a nylon for which the 
allowable stress is 24 MPa in tension and 30 MPa in compression. 





Determine the largest couple M that can be applied to the beam. 


20 mm 

|== 3 > 


SOLUTION 



A , mm 2 

y 0 , mm 

Ay 0 , mm 3 

a 

) 

© 

600 

32.5 

19.5xl0 3 


© 

500 

12.5 

6.25 xlO 3 




2 

1100 


25.75 xlO 3 


© 



Y o = — : = 23.41 mm The neutral axis lies 23.41 mm above the bottom. 

1100 


Ttop - 40 - 23.41 = 16.59 mm = 0.01659 m 
y hot = -23.41 mm = -0.02341 m 

h =-^ b \ h l + A d \ = T (40)(1 5) 3 + (600)(9.09) 2 = 60.827 x 1 0 3 mm 4 

I 2 =-^ b 2 b l +A d i =^-(20)(25) 3 +(500)(10.91) 2 = 85.556 x 10 3 mm 4 
/ = /, +/ 2 =146.383 xlO 3 mm 4 =146.383 xl0 _9 m 4 


My 

I 


M = 


cl 

y 


Top: (tension side) 


Bottom: (compression) 
Choose smaller value. 


M = (24xlQ 6 X146.383xl0- 9 ) =212Nm 
0.01659 


„ (30 x 10 6 )(146.383 x 10~ 9 ) . onr ^ 

M = - = 187.6 N - m 

0.02341 


M =187.6 N -m ◄ 
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1.2 in. 


PROBLEM 4.18 

Knowing that for the beam shown the allowable stress is 12 ksi in tension and 
16 ksi in compression, determine the largest couple M that can be applied. 



SOLUTION 

© = rectangle 


® = semi-circular cutout 
4 = (2.4)(1 .2) = 2.88 in 2 


K 


A 2 = y (0.75) z = 0.8836 in z 

A = 2.88 - 0.8836 = 1.9964 in 2 
y x = 0.6 in. 


72 = ^ 


4r (4)(0.75) 




0.3183 in. 


XA 

Neutral axis lies 0.7247 in. above the bottom. 
Moment of inertia about the base: 


¥ = M Z = (2-88X0.6) -(0.8836X0.3183) = Q ^ m 


1.9964 


n 


n 


I b = —bh r 4 = — (2 -4)(1 .2) (0.75) 4 =1.25815 in 


8 


Centroidal moment of inertia: 


/ =i b -AY 2 =1.25815 -(1.9964)(0.7247) 2 =0.2097 in 4 


y t. 


:op 


: 1.2 -0.7247 = 0.4753 in., 


Act = -0.7247 in. 


<T = 


My 


M = 


cjI 


y 


Top: (tension side) 

Bottom: (compression) 
Choose the smaller value. 


w (12)(0.2097) . 

M = = 5.29 kip • m. 

0.4753 

w (16)(0.2097) . 

M = = 4.63 kip • m. 

0.7247 


M = 4.63 kip • in. 4 
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PROBLEM 4.19 

Knowing that for the extruded beam shown the allowable stress is 
120 MPa in tension and 150 MPa in compression, determine the largest 
couple M that can be applied. 


SOLUTION 



A, mm 2 

Jo, mm 

Ay 0 , mm 3 

<7, mm 

© 

2160 

27 

58,320 

3 

© 

1080 

36 

38,880 

3 

E 

3240 


97,200 





— 97 200 

Y = — = 30 mm The neutral axis lies 30 mm above the bottom. 

3240 


Tt< 


- 54 - 30 = 24 mm = 0.024 m j bot = -30 mm = -0.030 m 


°P 

7j = Yb x hl + A x d x = T(40)(54) 3 + (40)(54)(3) 2 = 544.32 x 10 3 mm 4 

I 2 =Yb 2 hl+A 2 d 2 2 = -!-(40)(54) 3 +— (40)(54)(6) 2 = 213.84xl0 3 mm 4 
36 36 2 

7 = /j +I 2 =758.16xl0 3 mm 4 = 758.16 xl0“ 9 m 4 


<j = 


My 


\M\ = 


cjI 


Top: (tension side) 


,, (120xl0 6 )(758.16xl0 -9 ) „ , - T 

M - = 3.7908 xl0 3 N-m 

0.024 


Bottom: (compression) 
Choose the smaller as M a n. 


,, (150xl0 6 )(758.16xl0' 9 ) , nnno 

M = = 3.7908 x 10 3 N • m 

0.030 


M all =3.7908x10 N-m 


M 


all 


= 3.79 kN • m ◄ 
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36 mm 


48 mm 


“T 

48 mm 

~T 

48 mm 

L 


PROBLEM 4.20 

Knowing that for the extruded beam shown the allowable stress is 
120 MPa in tension and 150 MPa in compression, determine the largest 
couple M that can be applied. 



SOLUTION 



A, mm 2 

y 0 , mm 

Ay 0 , mm 3 

0 Solid rectangle 

4608 

48 

221,184 

® Square cutout 

-1296 

30 

-38,880 

Z 

3312 


182,304 


— 182 304 

Y = = 55.04 mm Neutral axis lies 55.04 mm above bottom. 

3312 

y top = 96- 55.04 = 40.96 mm = 0.04096 m 


^ bot = -55.04 mm = -0.05504 m 
_i 
12 


7j = —b x h] + A\d\ =— (48)(96) 3 +(48)(96)(7.04) 2 = 3.7673 xlO 6 mm 4 


12 

J_ 

12 


I 2 =l-b 2 h\ + A 2 d 2 2 =^(36)(36) 3 + (36)(36)(25.04) 2 = 0.9526 xlO 6 mm 4 


7 = /j -i 2 = 2.8147 x 10 6 mm 4 = 2.8147 x 10" 6 m 4 


My 


M= + 


cjI 


y 


Top: (tension side) 

Bottom: (compression) 
M a ii is the smaller value. 


(120 x 10 6 )(2.8 147 x 10 -6 ) _ .. in3xT 

M =- — ^- = 8.25x10 N-m 

0.04096 

,, (150xl0 6 )(2.8147xl0 6 ) n rn , T 

M =- - = 7.67x10 N-m 

0.05504 


M = 1.61 x 10 N-m 


7.67 kN • m ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


468 



PROBLEM 4.21 

Straight rods of 6-mm diameter and 30-m length are stored by coiling the 
rods inside a drum of 1.25-m inside diameter. Assuming that the yield 
strength is not exceeded, determine (a) the maximum stress in a coiled rod, 
(b) the corresponding bending moment in the rod. Use E = 200 GPa. 


SOLUTION 


Let D = inside diameter of the drum, 

d = diameter of rod, c = —d, 

2 

p = radius of curvature of center line of rods when bent. 


p = -D--d=-( 1.25) --(6x 10 3 ) = 0.622 m 
2 2 2 2 

I = —c^ = — (0.003) 4 = 63.617 x 10 -12 m 4 
4 4 


= Ec_ = (200x10 v )(0.003) =965xlQ 6 pa 

v S IIldA S’ r\ r\ 

p 0.622 


/7 , ,, EI (200 x 10 9 )(63.617 x 10” 12 ) e XT 

0 b ) M = — = = 20.5 N • m 


P 


0.622 


cr = 965 MPa ◄ 
M = 20.5 N-m ◄ 
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ET. 


M' M 



900 mm 


i 

T 


t 


PROBLEM 4.22 

A 900-mm strip of steel is bent into a full circle by two couples applied 
as shown. Determine (a) the maximum thickness t of the strip if the 
allowable stress of the steel is 420 MPa, (b) the corresponding moment 
Mof the couples. Use E = 200 GPa. 


SOLUTION 


When the rod is bent into a full circle, the circumference is 900 mm. Since the circumference is equal to 
2 n times p, the radius of curvature, we get 

900 mm 


P 


In 


143.24 mm = 0.14324 m 


Stress: cr = Es = — or c = 

P E 

For cr = 420 MPa and E = 200 GPa, 
(0.14324)(420 x 10 6 ) 


0.3008 xl(T 3 m 


200 x 10 


( a ) Maximum thickness: 


t = 2c = 0.6016 xl0“ 3 m 


t = 0.602 mm A 


Moment of inertia for a rectangular section. 

/ = * = ( 8 x 1Q~ 3 )(0-6016 x 1Q~ 3 ) 3 = 14 ^ 16 x io _ 15 m4 


12 


12 


( b ) Bending moment: 


El 

M = — 

P 


(200xl0")(145.16xl0- 15 ) . XT 

M = 1 — = 0.203 N • m 

0.14324 


M = 0.203 N • m ◄ 
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PROBLEM 4.23 

Straight rods of 0.30-in. diameter and 200-ft length are sometimes 
used to clear underground conduits of obstructions or to thread wires 
through a new conduit. The rods are made of high-strength steel and, 
for storage and transportation, are wrapped on spools of 5 -ft 
diameter. Assuming that the yield strength is not exceeded, 
determine (< a ) the maximum stress in a rod, when the rod, which is 
initially straight, is wrapped on a spool, ( b ) the corresponding 
bending moment in the rod. Use E - 29 x 10 6 psi . 


SOLUTION 


Radius of cross section: r - —d = —(0.30) = 0.15 in. 

2 2 


Moment of inertia: 


/ = £/ = — (0.15) 4 = 397.61 X 10“ 6 in 4 
4 4 


D = 5 ft = 60 in. p = — D = 30 in. 

2 

c = r = 0.15 in. 


(«) °max = = 

P 


Ec (29 x 10 b )(0. 15) 


30 


= 145.0 x 10 3 psi 


,, El (29 x 10 6 )(397.61 x 10" 6 ) 
(b) M = — = 4 L 

p 30 


^max = 145.0 ksi ◄ 
M = 384 lb • in. ◄ 
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PROBLEM 4.24 

A 60-N • m couple is applied to the steel bar shown, (a) Assuming that 
the couple is applied about the z axis as shown, determine the maximum 
stress and the radius of curvature of the bar. ( b ) Solve part a , assuming 
that the couple is applied about the y axis. Use E = 200 GPa. 


SOLUTION 

( a ) Bending about z-axis. 


/ = — M 3 = — (12)(20) 3 =8xl0 3 mm 4 = 8xl0“ 9 m 4 
12 12 

20 

c = — = 10 mm = 0.010 m 
2 

<T = jfc = ( 60 )( 0 . 0 i 0 ) =75|)xl0 « pa 
/ 8xl0“ 9 

1 M 60 


p El (200 x 1 0 9 )(8 x 1 0 -9 ) 

( b ) Bending about y-axis. 


= 37.5 x 10 m 


.-3 -1 


/ = — bh 3 =— (20)(12) 3 =2.88x1 0 3 mm 4 =2.88x1 0 _9 m 4 
12 12 

12 

c = — = 6 mm = 0.006 m 

a = M^ = (60X0.006) =125 , 0xlQ6pa 


I 2.88x10“ 


1 M 


60 


p El (200xl0 9 )(2.88xl0“ 9 ) 


: 104.17 xl0“ 3 m _1 


cr = 75.0 MPa ◄ 
p = 26.7 m -4 

cr = 125.0 MPa ◄ 
p = 9.60 m -4 
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M ^ 

s 


* l 

C 

i 

L* 80 mm J 




80 mm 


10 mm 


PROBLEM 4.25 

(a) Using an allowable stress of 120 MPa, determine the largest couple 
M that can be applied to a beam of the cross section shown. ( b ) Solve 
part a , assuming that the cross section of the beam is an 80-mm square. 


5 mm 


5 mm 


SOLUTION 


(a) I -I\ + 4 1 2 , where I\ is the moment of inertia of an 80-mm square and h is the moment of inertia of 
one of the four protruding ears. 

/ = — M 3 = — (80)(80) 3 = 3.4133 x 10 6 mm 4 
1 12 12 

I 2 = + Ad 2 = -jt-(5)(10) 3 + (5)(10)(45) 2 =101.667xl0 3 mm 4 

/ = /[ +4/ 2 =3.82xl0 6 mm 4 =3.82xl0 -6 mm 4 , c = 50 mm = 0.050 m 

Me t , a I (120x10 6 )(3.82x10“ 6 ) 

<t = M = — = - — - 

I c 0.050 

= 9.168xl0 3 N-m 


= 9.17 kN • m ◄ 


(b) Without the ears: 


/ = /j = 3.4133 x 10~ 6 m 2 , c = 40 mm = 0.040 m 



(120x10 6 )(3.4133x10~ 6 ) 

0.040 


= 10.24 xlO 3 N-m 


= 10.24 kN-m ◄ 
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PROBLEM 4.26 

A thick-walled pipe is bent about a horizontal axis by a couple M. The 
pipe may be designed with or without four fins. ( a ) Using an allowable 
stress of 20 ksi, determine the largest couple that may be applied if the 
pipe is designed with four fins as shown, (b) Solve part a , assuming that 
the pipe is designed with no fins. 
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PROBLEM 4.27 

A couple M will be applied to a beam of rectangular cross section that 
is to be sawed from a log of circular cross section. Determine the ratio 
d/b for which ( a ) the maximum stress <j m will be as small as possible, 
( b ) the radius of curvature of the beam will be maximum. 
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PROBLEM 4.28 

A portion of a square bar is removed by milling, so that its cross section 
is as shown. The bar is then bent about its horizontal axis by a couple M. 
Considering the case where h = 0.9 h 0 , express the maximum stress in the 
bar in the form <J m = ka 0 , where a 0 is the maximum stress that would 
have occurred if the original square bar had been bent by the same 
couple M, and determine the value of k. 


SOLUTION 


/ = 4/j + 21 2 


1 


1 


= (4) J hh + (2) J (2h 0 - 2h)(h ) 

= -h 4 +-h 0 h 3 --h h 3 =-h 0 h 3 -h 4 
3 3 0 3 3 0 

c = h 



For the original square, 


h-h 0 , c = h 0 . 

3 M _ 3 M 
a °~ (4h () -3h () )h 3 

1 7 _ K K 

a 0 (4h 0 -3h)h 2 (4h 0 -(3)(0.9)h 0 )(0.9f^) 

a = 0.950 <j 0 


0.950 


k = 0.950 ◄ 
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PROBLEM 4.29 



In Prob. 4.28, determine (a) the value of h for which the maximum stress 
<j m is as small as possible, ( b ) the corresponding value of k. 

PROBLEM 4.28 A portion of a square bar is removed by milling, so that 
its cross section is as shown. The bar is then bent about its horizontal 
axis by a couple M. Considering the case where h = 0.9/zo, express the 
maximum stress in the bar in the form <J m = kcr 0 , where a 0 is the 
maximum stress that would have occurred if the original square bar had 
been bent by the same couple M, and determine the value of k. 


SOLUTION 



/ 

c 


is maximum at 


d 

dh 



= 0 . 


/ 

c 

For the original square, 


-h o h-3h 2 =0 
3 0 



256 . 
729 1 


h = h 0 c = h 0 



Me _ 729M 
I ~ 256 hi 



Mc 0 

3M 

°0 

~ A* 

ii 

<J 

_ 729 

1 729 „„„„ 



•- = = 0.949 

^0 

_ 256 

3 768 


h = — hr, A 

9 0 


k = 0.949 ◄ 
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PROBLEM 4.30 

For the bar and loading of Concept Application 4.1, determine (a) the radius of curvature p , ( b ) the radius of 
curvature p' of a transverse cross section, (c) the angle between the sides of the bar that were originally 
vertical. Use is=29xl0 6 psi and v = 0.29. 


SOLUTION 


From Example 4.01, M = 30 kip • in. / = 1.042 in 4 


(a) 

l = M = ( 30X 6 103 > =993x10-01- 

p El (29x10 6 )(1.042) 

p = 1007 in. 4 

(b) 

II 

H \ ^ 

ii 

ii 



— = V— = (0.29)(993 X 10 _6 )in. 1 = 288 x 10" 6 in. -1 
P' P 

p' = 3470 in. ◄ 

(c) 

length of arc _ b _ 0.8 =230xl0 ^ rad 
radius p r 3470 

<9 = 0.01320° ◄ 
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PROBLEM 4.31 

A W200x 31.3 rolled-steel beam is subjected to a couple M of moment 
45 kN • m. Knowing that E = 200 GPa and v = 0.29, determine (a) the 
radius of curvature p , (b) the radius of curvature p' of a transverse cross 
section. 


SOLUTION 


For W 200 x 3 1 .3 rolled steel section, 


I = 31.3 x 10 6 mm 4 
= 31.3 x 10“ 6 m 4 


(a) 

0 b ) 


1 M 


45x10 


,3 


: 7.1885 xl0“ 3 m _1 


p El (200xl0 y )(31.3xl0- & ) 

— = v— = (0.29X7.1885 x 10 -3 ) = 2.0847 x 10 -3 m _1 
P' P 


/?= 139.1 m ◄ 
p' = 480 m ◄ 
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PROBLEM 4.32 

y 



It was assumed in Sec. 4. IB that the normal stresses <j y in a 
member in pure bending are negligible. For an initially straight 
elastic member of rectangular cross section, (a) derive an 
approximate expression for <j y as a function of y, ( b ) show that 
(°>) ma x =-(? l 2 P)( <J x) max and , thus, that CTy can be neglected in 
all practical situations. (Hint: Consider the free-body diagram of 
the portion of beam located below the surface of ordinate y and 
assume that the distribution of the stress o x is still linear.) 


SOLUTION 

Denote the width of the beam by b and the length by L. 

e= L - 


P 


Using the free body diagram above, with cos — « 1 


Y,F y = 0 : <J y bL + 2 J cr x b dy sin — = 0 


2 . 6 ?y 

o\, = sin 

L 2 J- 


y 


\H x dy «-j( y a x dy = --j } a x dy 

J -c L, J -C p J -c 


But, 


-K)n 


y 


(a) <Jy 




pc 


~l- c ydyz 


(*/x)max y 


pc 2 


K)n 


2 pc 


(y -c ) ◄ 


The maximum value cr occurs at y = 0 . 


(b) 


/ \ _ (^x)max ^ )max ^ ^ 

v /max — = ^ 


2 pc 


2p 
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PROBLEM 4.33 

A bar having the cross section shown has been formed by securely 
bonding brass and aluminum stock. Using the data given below, 
determine the largest permissible bending moment when the 
composite bar is bent about a horizontal axis. 



Aluminum 

Brass 

Modulus of elasticity 

70 GPa 

105 GPa 

Allowable stress 

100 MPa 

160 MPa 


SOLUTION 

Use aluminum as the reference material. 

n = 1.0 in aluminum 


n = E b !E a = 105/70 = 1.5 in brass 


For the transformed section, 


h = ^ b \ h \ + 

= ty(30)(6) 3 + (1.5)(30)(6)(18) 3 = 88.29 x 10 3 mm 4 


I 2 = ^ b 2 h 2 3 = /^(30)(30) 3 = 67.5 x 10 3 mm 4 


12 


/ 3 = /j = 88.29 x 10 3 mm 4 
/ = I x + I 2 + / 3 = 244.08 x 10 3 mm 4 


244.08 x 10“ 9 m 4 





nMy 


M 


cjI 

ny 


Aluminum: 


n - 1 .0, v = 1 5 mm = 0.0 1 5 in, cr = 1 00 x 1 0 6 Pa 


Brass: 


w (100 x 10 6 )(244.08 x 10~ 9 ) in3 xt 

M - = 1.627 xlO 3 N-m 

(1.0)(0.015) 

n = 1 .5, y = 21 mm = 0.021 m, cr = 1 60 x 1 0 6 Pa 


M= (160xl0 6 X244.08xl0- 9 ) =1 240xl0 3 N , m 
(1.5)(0.021) 


Choose the smaller value M = 1 .240 x 10 3 N-m 


1.240 kN-m^ 
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8 mm 


8 mm 



8 mm 


8 mm 


PROBLEM 4.34 

A bar having the cross section shown has been formed by securely 
bonding brass and aluminum stock. Using the data given below, 
determine the largest permissible bending moment when the 
composite bar is bent about a horizontal axis. 



Aluminum 

Brass 

Modulus of elasticity 

70 GPa 

105 GPa 

Allowable stress 

100 MPa 

160 MPa 


SOLUTION 

Use aluminum as the reference material. 
For aluminum, n = 1.0 
For brass, n = E b /E a =105/70 = 1.5 
Values of n are shown on the sketch. 

For the transformed section. 



8 mm 


8 mm 








1.5 

\ 10 

1.5 

j8 mm 


b 

aris 


© 

J 

© 



' 1.0 

f~8 mm 


~ Brass 


/j =—\h\ =— (8)(32) 3 = 32.768 xlO 3 mm 4 


12 ' 1 12 

1 2 = ^b 2 (h\ - h \ ) = ty (32)(32 3 - 1 6 3 ) = 76.459 x 1 0 3 mm 4 
I 2 = /, = 32.768 xlO 3 mm 4 

/ = / 1 +/ 2 +/ 3 = 141.995 xlO 3 mm 4 =141.995 xl0“ 9 m 4 


" Aluminum 


nMy 


M 


cjI 


ny 


Aluminum: 


Brass: 


n- 1.0, | v | = 1 6 mm = 0.016 m, cr = 1 00 x 1 0 6 Pa 

1# (100x10 6 )(141.995x10“ 9 ) oon An ^ 

M = - = 887.47 N • m 

(1.0)(0.016) 

n = 1.5, \y\ = 16 mm = 0.016 m, <j = 160xl0 6 Pa 

,, (160 x 1 0 6 )(14 1 .995 x 10 -9 ) 

M = = 946.63 N • m 

(1.5)(0.016) 


Choose the smaller value. 


M =887 N-m ◄ 
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6 mm 


30 mm 


6 mm 


PROBLEM 4.35 

For the composite bar indicated, determine the largest permissible 
bending moment when the bar is bent about a vertical axis. 

PROBLEM 4.35. Bar of Prob. 4.33. 



Aluminum 

Brass 

Modulus of elasticity 

70 GPa 

105 GPa 

Allowable stress 

100 MPa 

160 MPa 


SOLUTION 

Use aluminum as reference material. 


For transformed section, 


Aluminum: 


Brass: 


Choose the smaller value. 


n = 1.0 in aluminum 
n = E b /E a = 105/70 = 1.5 in brass 

X 



$ 


/j = 

1 12 1 1 

© 

* 

= 1-5 (6)(30) 3 = 20.25 x 10 3 mm 4 
12 






nMy 


aj al 

M = — 
ny 


?2 = 1.0, y = 15 mm =0.015 m, cr = 100xl0 Pa 

M = (100 X 1Q 6 )(108 x 10~ 9 ) _ 72Q N m 
(1.0)(0.015) 

« = 1.5, y = 15 mm = 0.015 m, <j = 160x 10 6 Pa 

1# (160 x 10 6 )(108 x 10 -9 ) „, OXT 

M = = 768 N • m 


(1.5X0.015) 


Y\ 

\.s 

1.0 

i.r 


I 2 = ^ b 2 h 2 3 

12 

= t^(30)(30) 3 = 67.5 x 10 3 mm 4 
h = h = 20.25 x 10 3 m m 4 

/ = /j + l 2 + l 3 = 108 x 10 3 mm 4 = 108 x 10“ 9 m 4 


M = 720 N-m 
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8 mm 


8 mm 



PROBLEM 4.36 

For the composite bar indicated, determine the largest permissible 
bending moment when the bar is bent about a vertical axis. 

PROBLEM 4.36 Bar of Prob. 4.34. 


8 mm 



Aluminum 

Brass 

Modulus of elasticity 

70 GPa 

105 GPa 

Allowable stress 

100 MPa 

160 MPa 



8 mm 

90 

8 mm 








© 

1.0 

1 


j8 mm 

mm 








— 

^ 





© 

1 

1.0 

! 1 


j~8 mm 


SOLUTION 

Use aluminum as the reference material. 
For aluminum, n = 1.0 
For brass, n = E b /E a =105/70 = 1.5 
Values of n are shown on the sketch. 

For the transformed section, 


~ Brass 


I 


" Aluminum 


/j = ~K (Bl - ) = tA (32)(48 3 - 32 3 ) = 311 .296 x 10 3 mm 4 


!h 

12 

Hi 

12 


I = Hi foi? =— (8)(32) 3 =21.8453x10" mm 4 
12 12 

I 3 =I 2 = 21.8453 xlO 3 mm 4 

/ = 7j + 1 2 + / 3 = 354.99 xl0 3 mm 4 = 354.99 x 10" 9 m 4 


cr = 


nMy 


M - 


<jI 


ny 


Aluminum: 


Brass: 


n = 1.0, \y\ = 16 mm = 0.016 m, cr = 100xl0 6 Pa 
M = (100xl0^)(354.99x 1 0- 9 ) =22i87xi0 3 Nm 
(1.0X0.016) 

n = 1.5 |y| = 24 mm = 0.024 m o- = 160xl0 6 Pa 
M = (160 x 10 6 X354-99xl0- 9 ) =L57773xl0 3 N . m 


(1.5)(0.024) 


Choose the smaller value. 


M = 1.57773 x 10 N • m 


M= 1.578 kN-m ◄ 
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PROBLEM 4.37 

Wooden beams and steel plates are securely bolted together to form the composite 
member shown. Using the data given below, determine the largest permissible bending 
moment when the member is bent about a horizontal axis. 



Wood 

Steel 

Modulus of elasticity: 
Allowable stress: 

2xl0 6 psi 
2000 psi 

29xl0 6 psi 
22 ksi 
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PROBLEM 4.38 

H Wooden beams and steel plates are securely bolted together to form the composite 

member shown. Using the data given below, determine the largest permissible bending 
10 in. moment when the member is bent about a horizontal axis. 


3 in. I 3 in. 



Wood 

Steel 

Modulus of elasticity: 
Allowable stress: 

2xl0 6 psi 
2000 psi 

29xl0 6 psi 
22 ksi 


SOLUTION 

Use wood as the reference material. 

n = 1 .0 in wood 



14. S 


/ 3 = /, = 250 in 4 
7 = /j +I 2 +/ 3 =1104.2 in 4 


nMy 


A/f aI 
M = 

ny 


Wood: 


Steel: 


n = 1.0, y = 5 in., a = 2000 psi 

w (2000)(1 104.2) ^ ^ in3ll . 

M = — = 441.7 x 10 3 lb • m. 

(1.0)(5) 

n = 14.5, y = 5 in., a = 22 ksi = 22 x 10 3 psi 
M 


(22 x 10 )(1 104.2) .... , a3 ., . 

= 335.1 x 10 lb • in. 


(14.5)(5) 


Choose the smaller value. 


M = 335 x 10 3 lb • in. 


M = 335 kip • in. A 
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Aluminum 

6 mm 

Copper 

6 mm 

I 

24 mm >- 



PROBLEM 4.39 

A copper strip (E c =105 GPa) and an aluminum strip (E a = 75 GPa) 
are bonded together to form the composite beam shown. Knowing 
that the beam is bent about a horizontal axis by a couple of moment 
M = 35 N • m, determine the maximum stress in (a) the aluminum 
strip, ( b ) the copper strip. 


SOLUTION 


Use aluminum as the reference material. 


Transformed section: 


n - 1 .0 in aluminum 
n = E c !E a = 105/75 = 1.4 in copper 



© 

eo MS 


‘ © 




A, mm I 2 

riA, mm 2 

To, mm 

nAy 0 , mm 3 

© 

144 

144 

9 

1296 

© 

144 

201.6 

3 

604.8 

X 


345.6 


1900.8 


T 1900 - 8 * ™ 

Y o = = 5.50 mm 

345.6 

The neutral axis lies 5.50 mm above the bottom. 

m 


( a ) Aluminum: 


(b) Copper: 


h 

L 


_L 

12 


by /Z, 3 + Fly Ay dy 


^(24)(6) 3 +(1.0)(24)(6)(3.5) 2 =2196 mm 4 

L4 

~12 


2 _ ~^b 2 h 2 + n 2 A 2 d 2 = — (24)(6) J + (1.4)(24)(6)(2.5) z =1864.8 mm 4 


I = l x + 1 2 = 4060.8 mm 4 = 4.0608 x 10" 9 m 4 

n = 1.0, y = 12 - 5.5 = 6.5 mm = 0.0065 m 


a = - 


nMy 


(1.0)(35)(0.0065) = _ 56 Q x 10 6 pa = _ 56 0 MPa 
4.0608 x 10 


-9 


1.4, y 

nMy 


-5.5 mm = -0.0055 m 
(1.4)(35)(-0.0055) 


4.0608 x 10 


-9 


66.4 x 10 b Pa 


<j = -56.0 MPa ◄ 

66.4 MPa 

<j = 66.4 MPa ◄ 
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Aluminum 

9 

mm 

Copper 

3 mm 

24 mm ► 

t 


PROBLEM 4.40 

A copper strip (E c =105 GPa) and an aluminum strip (E a = 15 GPa) 
are bonded together to form the composite beam shown. Knowing 
that the beam is bent about a horizontal axis by a couple of moment 
M = 35 N • m, determine the maximum stress in (a) the aluminum 
strip, ( b ) the copper strip. 


SOLUTION 


Use aluminum as the reference material. 

n = 1 .0 in aluminum 
n = E c IE a = 105/75 = 1.4 in copper 

Transformed section: 


n 


a*i's 

r 

^ \.o 


asm 





A, mm 2 

nA, mm 2 

Ay 0 , mm 

nAy 0 , mm 3 

© 

216 

216 

7.5 

1620 

© 

72 

100.8 

1.5 

151.8 

X 


316.8 


1771.2 


1771.2 

Yo = = 5.5909 mm 

316.8 

The neutral axis lies 5.5909 mm above the bottom. 


(a) Aluminum: 


(b) Copper: 


/, = + n x A x dl = ^(24)(9) 3 + (1.0)(24)(9)(1.9091) 2 = 2245.2 mm 4 

I 2 =^b 2 hl+n 2 A 2 d 2 2 = t^(24)(3) 3 + (1.4)(24)(3)(4.0909) 2 =1762.5 mm 4 

I = I l+ I 2 = 4839 mm 4 = 4.008 x 10~ 9 m 4 
n = 1.0, y = 12 - 5.5909 = 6.4091 mm = 0.0064091 
a = -nJE = _ (1-0)(35)(0.0064091) = _ 56 Q x 10 - 6 p& 

I 4.008 x 10“ 9 

= -56.0 MPa 

cr = -56.0 MPa ◄ 

n = 1.4, y = -5.5909 mm = -0.0055909 m 
= = - 0-4X35X^-0055909) = 6g4xl()6pa 

I 4.008 x 10“ 9 

= 68.4 MPa 


cr = 68.4 MPa ◄ 
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PROBLEM 4.41 

The 6 x 12-in. timber beam has been strengthened by bolting to it the steel 
reinforcement shown. The modulus of elasticity for wood is 1.8 xlO 6 psi and for 
steel, 29xl0 6 psi. Knowing that the beam is bent about a horizontal axis by a 
couple of moment M - 450 kip • in., determine the maximum stress in ( a ) the 
wood, (b) the steel. 


SOLUTION 


Use wood as the reference material. 

For wood, n = 1 

For steel, n = E s IE w = 29/1.8 = 16.1111 


Transformed section: © = wood 


© = steel 


- 421.931 


A , in 2 

nA, in 2 

ko 

nAy 0 , in 3 

0 ~ 112.278 

© 

72 

72 

6 

432 

= 3.758 in. 

© 

2.5 

40.278 

-0.25 

-10.069 




112.278 


421.931 


The neutral axis lies 3.758 in. above the wood-steel interface. 


(a) 


(b) 


/, = + n l A l d l =T(6)(12) 3 +(72)(6-3.758) 2 =1225.91 in 4 

1 2 =^b 2 h 3 2 + n 2 A 2 d 2 = 16,1 1 1 1 (5)(0.5) 3 + (40.278)(3.578 + 0.25) 2 = 647.87 in 4 
/ = /, + / 2 =1873.77 in 4 


M = 450 kip • in. 


nMy 

(7 = — 

I 


Wood: 


Steel: 


n = 1, ^ = 12 - 3.758 = 8.242 in. 


(1X450X8.242) = _ 1 979ks . 
w 1873.77 

n = 16.1 111, y = -3.758 -0.5 = -4.258 in. 

(16.1111)(450)(-4.258) =1648ks . 
s 1873.77 


(T w - -1.979 ksi -4 


cr, =16.48 ksi ◄ 
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PROBLEM 4.42 

The 6 x 12-in. timber beam has been strengthened by bolting to it the steel 
reinforcement shown. The modulus of elasticity for wood is 1.8 xlO 6 psi and for 
steel, 29xl0 6 psi. Knowing that the beam is bent about a horizontal axis by a 
couple of moment M = 450 kip -in., determine the maximum stress in (a) the 
wood, ( b ) the steel. 


SOLUTION 

Use wood as the reference material. 
tiO A. 

i • — f 


T 


For wood, 
For steel. 


n = 1 


n - 


29 x 10 6 


~T" 


E w 1.8x 10 

For C8 xll.5 channel section. 


■ 16.1111 


,4 = 3.38 in 2 , t = 0.220 in., x= 0.571 in., I = 1.32 in 4 


For the composite section, the centroid of the channel (part 1) lies 0.571 in. above the bottom of the section. 
The centroid of the wood (part 2) lies 0.220 + 6.00 = 6.22 in. above the bottom. 

Transformed section: 


Part 

A, in 2 

2 

nA, in 

y, in. 

nAy , in 3 

d, in. 

i 

3.38 

54.456 

0.571 

31.091 

3.216 

2 

72 

72 

6.22 

447.84 

2.433 

E 


126.456 


478.93 



- _ 478.93 in 3 
0 ~ 126.456 in 2 


= 3.787 in. 


d = k - *0 


The neutral axis lies 3.787 in. above the bottom of the section. 

I x =nj i +n l A l d x =(16.1111)(1.32) + (54.456)(3.216) 2 =584.49 in 4 

\3 , _ nnn :„4 


, ,2 . ,2 1 

12 * * " " 2 12 

4 


I 2 =—b 2 h\ +n 2 A 2 d 2 =-^(6)(\2Y + (72)(2.433) z =1290.20 in 4 


/ = / 1+ / 2 =1874.69 in 
M = 450 kip • in 


nMy 


(a) Wood: 


(i b ) Steel: 


n = 1, 7 = 12 + 0.220 -3.787 = 8.433 in. 

(1X450X8.433) = _ 2Q2ks . 
w 1874.69 

n = 16.1 111, y = -3.787 in. 

(16.1 1 1 1)(450)(-3. 787) 


o', = — 


1874.67 


= 14.65 ksi 


-2.02 ksi ◄ 


a, - 14.65 ksi -4 
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Aluminum 

t 

6 mm 

Copper 

6 mm 
1 

24 mm ► 



PROBLEM 4.43 

For the composite beam indicated, determine the radius of curvature 
caused by the couple of moment 35 N • m. 

Beam of Prob. 4.39. 
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PROBLEM 4.44 


Aluminum 


9 mm 


Copper 


3 


T 


For the composite beam indicated, determine the radius of curvature 
caused by the couple of moment 35 N • m. 

Beam of Prob. 4.40. 


24 mm 


SOLUTION 

See solution to Prob. 4.40 for the calculation of I. 
1 M 35 


p E a I (75 x 10 y )(4.008 x 10 -9 ) 


0.1164 m 


-1 


Copper - 


Aluminum 


24 mm - 


9 mm 
3 mm 


p = 8.59 m A 
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PROBLEM 4.45 

For the composite beam indicated, determine the radius of curvature caused by the 
couple of moment 450 kip • in. 

Beam of Prob. 4.41. 


SOLUTION 

See solution to Prob. 4.41 for calculation of I. 

7 = 1873.77 in 4 E w = 1.8x1 0 6 psi 


M = 450 kip • in = 450 x 10 3 lb • in. 


1 M 


450 xlO 3 


p El (1.8 xl0 6 )(l 873.77) 


■ = 133.421 xlO - " in. 


-6 • -1 


p = 7495 in. = 625 ft ◄ 
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C8 X 11.5 


PROBLEM 4.46 

For the composite beam indicated, determine the radius of curvature caused by the 
couple of moment 450 kip • in. 

Beam of Prob. 4.42. 


SOLUTION 

See solution to Prob. 4.42 for calculation of I. 

7 = 1874.69 in 4 E w = 1.8x 10 6 psi 
M = 450 kip • in. = 450 x 10 3 lb • in. 


1 M 


450x10 


p El (1.8 xl0 6 )(l 874.69) 


- = 133.355 xl0 _o in. 


6 • -1 


p = 7499 in. = 625 ft <4 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


494 



PROBLEM 4.47 

A concrete slab is reinforced by |-in. -diameter steel rods 
placed on 5. 5 -in. centers as shown. The modulus of elasticity is 
3 x 10 6 psi for the concrete and 29 x 10 6 psi for the steel. 
Using an allowable stress of 1400 psi for the concrete and 
20 ksi for the steel, determine the largest bending moment in a 
portion of slab 1 ft wide. 
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PROBLEM 4.47 (Continued) 


Steel: n = 9.6667, y = 2.3934 in., a = 20ksi=20 x 10 3 psi 

,, (24.59 1)(20 x 10 3 ) , rt3 „ . 

M = - = 21.258 x 10 3 lb • in. 

(9.6667)(2.3934) 

Choose the smaller value as the allowable moment for a 5.5 in. width. 

M = 21.258 x 10 3 lb • in. 

For a 1 ft = 12 in. width, 

M = —(21.258 x 10 3 ) = 46.38 x 10 3 lb • in. 

5.5 

M =46.38 kip -in. 3.87 kip -ft A 
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PROBLEM 4.48 

Solve Prob. 4.47, assuming that the spacing of the |-in.-diameter 
steel rods is increased to 7.5 in. 

PROBLEM 4.47 A concrete slab is reinforced by |- in. -diameter 
steel rods placed on 5. 5 -in. centers as shown. The modulus of 
elasticity is 3 x 10 6 psi for the concrete and 29 x 10 6 psi for the 
steel. Using an allowable stress of 1400 psi for the concrete and 
20 ksi for the steel, determine the largest bending moment in a 
portion of slab 1 ft wide. 


SOLUTION 


E. 29x10° psi 

n=^ = — = 9.667 

E c 3xl0 6 psi 


Number of rails per foot: 


12 in. 


Area of --in. -diameter bars per foot: 1.6 
8 

Transformed section, all concrete . 

First moment of area: 


7.5 in. 
n( 5 


■ 1.6 


418 


A = 0.4909 in 2 


12x 


^x A 

v2y 


_ 4.745(4 -x) = 0 

x = 1.4266 in. 


T~ 

V/k 


tn. —4 


HA 


T i 


v-x 


nA s = 9.667(0.4909) = 4.745 in 2 
I NA =-t(12)(1.4266) 3 + 4.745(4 -1.4266) 2 =43.037 in 4 
For concrete : <r all = 1400 psi c = x = 1 .4266 in. 

__ / ... .. 43.037 in 4 ^ ...... . . 

M = a— = (1400 psi) M = 42.24 kip. in. ^ 

c 1.4266 in. 


For steel: 


We choose the smaller M. 
Steel controls. 


<r all =20 ksi c = 4 - x = 4 - 1 .4266 = 2.5734 in. 

M ^steei I 20 ksi 43.042 in 4 

n c 9.667 2.5734 in. 

M = 34.60 kip • in. 


M = 34.60 kip -in. A 
M = 2.88 kip -ft A 
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PROBLEM 4.49 

The reinforced concrete beam shown is subjected to a positive bending 
moment of 175 kN • m. Knowing that the modulus of elasticity is 25 GPa 
for the concrete and 200 GPa for the steel, determine (a) the stress in the 
steel, ( b ) the maximum stress in the concrete. 


SOLUTION 


E s 200 GPa . . 

n= — = = 8.0 

£ 25 GPa 


n 


r 


n 


A s =4-—d = (4) J (25) =1.9635x10 mm 2 
nA. = 1 5.708 xlO 3 mm 2 


Locate the neutral axis. 



Solve for x. 


300 xj - (1 5 .708 x 1 0 3 )(480 - x) = 0 

150x 2 +15.708 x 10 3 * - 7.5398 x 10 6 = 0 

_ -15.708 x 10 3 + 7(15.708 x 10 3 ) 2 + (4)(150)(7.5398 x 10 6 ) 
X “ (2X150) 

x = 177.87 mm, 480 - x = 302. 1 3 mm 


/ = j(300)x 3 + (1 5.708 x 1 0 3 )(480 - x) 2 

= 3 (300)0 77. 87) 3 + (1 5 .708 X 1 0 3 )(302. 1 3) 2 

= 1.9966 x 10 9 mm 4 =1.9966 xlO -3 m 4 
n My 
I 

(a) Steel: y = -302.45 mm = -0.30245 m 

(j = _ (8.0)(175xl0 3 )(-0 30245) =212xlQ6pa 
1.9966 xlO -3 

(< b ) Concrete: y = 177.87 mm = 0.17787 m 

(j = _(1.0)(175xl0 3 )(0 1 77 87) = _ 15 59xl()6pa 
1.9966 xlO -3 


a = 212 MPa ◄ 


<x = -15.59 MPa ◄ 
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PROBLEM 4.50 

Solve Prob. 4.49, assuming that the 300-mm width is increased to 350 mm. 

PROBLEM 4.49 The reinforced concrete beam shown is subjected to a 
positive bending moment of 175 kN • m. Knowing that the modulus of 
elasticity is 25 GPa for the concrete and 200 GPa for the steel, determine 
(a) the stress in the steel, (b) the maximum stress in the concrete. 


SOLUTION 


Locate the neutral axis. 


E s _ 200 GPa 
E c ~ 25 GPa 


:4 -d z 
4 


^ 7T^ 


(4) - (25) 


v4y 


= 1.9635 x 10 3 mm 2 


n/i. = 15.708 xlO 3 mm 2 




Solve for x. 


(a) Steel: 


350x^ - (15.708 x 10 3 )(480 - x) = 0 

175x 2 +15.708 x 10 3 jc - 7.5398 x 10 6 = 0 

_ -15.708 x 10 3 + 7(15.708 x 10 3 ) 2 + (4)(175)(7.5398 x 10 6 ) 

(2X175) 

x = 167.48 mm, 480 -x = 312.52 mm 
7 = |(350)x 3 +(1 5.708 xl0 3 )(480-x) 2 

= ^(350)(167.48) 3 + (15.708 x 1 0 3 )(3 12.52) 2 

= 2.0823 xlO 9 mm 4 = 2.0823 xlO -3 m 4 
nMy 
I 

y = -3 12.52 mm = -0.3 1252 m 


g = _ (8.0)(175xl0 3 )(-0 31252) = 210xlQ6pa 
2.0823 xlO -3 


a = 210 MPa ◄ 


(. b ) Concrete: y = 167.48 mm = 0.16748 m 


(1 ,0)(1 75 xl0 3 )(0. 16748) 


2.0823x10 


,-3 


-14.08 xl0 b Pa 


cr = -14.08 MPa ◄ 
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PROBLEM 4.51 

Knowing that the bending moment in the reinforced concrete beam is 
+100 kip • ft and that the modulus of elasticity is 3.625 x 10 6 psi for the 
concrete and 29 x 10 6 psi for the steel, determine (a) the stress in the 
steel, ( b ) the maximum stress in the concrete. 


SOLUTION 

k 24 

© 


ax is 


© 


<■ ->■ 


29 x 10° 
3.625 x 10 6 


8.0 


n.5 


A s = (4)1 — (l) 2 = 3.1416 in 2 nA s = 25.133 in 2 


hA,, 




CS) 


V 4 

Locate the neutral axis. 
(24)(4)(x + 2) + (1 2x) 






(25. 133)(17.5 - 4 - x) = 0 


96x + 192 + 6x 2 - 339.3 + 25.133x = 0 or 6x 2 + 121. 133x - 147.3 = 0 


Solve for x. 


-121.133 + V( 121.133) 2 + (4)(6)(147.3) _ { 
(2X6) 


150 in. 


17.5 - 4 - x = 12.350 in. 


X = ^b x hl + A^- = -L(24)(4) 3 + (24)(4)(3.150) 2 = 1080.6 in 4 

h = ^ b 2 x3 = -i- (1 2)(1 . 1 50) 3 = 6.1 in 4 

I 3 = nA 3 d 3 2 = (25. 1 33)(1 2.350) 2 = 3833.3 in 4 
I = I l+ I 2 + I 3 = 4920 in 4 


(a) Steel: 


(b) Concrete: 


nMy 

I 

n = 8.0 


where M - 100 kip • ft = 1200 kip • in. 
y = -12.350 in. 


= — 


(8 . 0)(1 200)(- 1 2 . 3 5 0) 


4920 

n = 1.0, y = 4 + 1.150 = 5.150 in. 

(1.0)(1200)(5.150) 

cr = 

c 4920 


<t = 24.1 ksi A 


-1.256 ksi ◄ 
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PROBLEM 4.52 

A concrete beam is reinforced by three steel rods placed as shown. The 
modulus of elasticity is 3 x 10 6 psi for the concrete and 29 x 10 6 psi for the 
steel. Using an allowable stress of 1350 psi for the concrete and 20 ksi for the 
steel, determine the largest allowable positive bending moment in the beam. 


SOLUTION 


E, 29x10 6 

n= — = 7 

E 3xl0 6 


9.67 


^J 2 =(3) 


m 

4 

V 4 y 

UJ 


= 1.8040 in 2 


nA s =17.438 in 2 


Locate the neutral axis: 




— ; 






a.Xl'3 


__L 



14 



8x^- (17.438)(14 -jc) = 0 
4x 2 + 17.438x-244.14 = 0 

cl , -17.438 + Vl7.438 2 +(4)(4)(244.14) c ^ . 

Solve tor x. x = = 5.6326 in. 

(2X4) 

14 -x = 8.3674 in. 


t-8x 3 + «4 V (I4 - x) 2 = t(8)(5.6326) 3 + (17.438)(8.3674) 2 


1697.45 in 4 


i | nMy 

\<j\ = — 

Concrete: 


Steel: 


ny 

n- 1.0, |y| = 5.6326 in., |cr| = 1350 psi 

M = ( 135Q X 1697 - 45 ) = 406.835 x 10 3 lb • in. = 407 kip • in. 
0 .0)(5.6326) 

n = 9.67, |j| = 8.3674 in., <j = 20xl0 3 psi 

,, (20 x 10 3 )(1 697.45) . 

M = = 419.72 lb • in. = 420 kip • in. 

(9.67)(8.3674) 


Choose the smaller value. 


M = 407 kip • in. 


M = 33.9 kip- ft ◄ 
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PROBLEM 4.53 


5 - • 



b /o’; o 


d 


The design of a reinforced concrete beam is said to be balanced if the maximum stresses 
in the steel and concrete are equal, respectively, to the allowable stresses cr s and cr c . 
Show that to achieve a balanced design the distance v from the top of the beam to the 
neutral axis must be 


i + 2A 

°c E s 


where E c and E s are the moduli of elasticity of concrete and steel, respectively, and d is 
the distance from the top of the beam to the reinforcing steel. 
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PROBLEM 4.54 

For the concrete beam shown, the modulus of elasticity is 25 GPa for the concrete and 
200 GPa for the steel. Knowing that b = 200 mm and d = 450 mm, and using an 
allowable stress of 12.5 MPa for the concrete and 140 MPa for the steel, determine 
(a) the required area A s of the steel reinforcement if the beam is to be balanced, ( b ) the 
largest allowable bending moment. (See Prob. 4.53 for definition of a balanced beam.) 


SOLUTION 


= 


E s _ 200 x 10 
E c ~ 25 x 10 9 
nM(d -x) 


1.0 


Mx 


cr „ = - 


cr_ n(d - x) d 
— = — - = n n 

<J n X X 


1 <J„ 


1 140x10° 


• 1 ~i ~~~~~~ ~ l -| - • - - -- = 2.40 
x n <j c 8.0 12.5 xlO 6 

x = 0.41667J = (0.41667)(450) = 187.5 mm 


Locate neutral axis. 


(a) 


bx- — nA s (d-x) 


bx 2 


(200)(187.5) 2 2 

v A 7 -1674 mm 2 


<x = - 


2n(d-x) (2)(8.0)(262.5) 

Lx 3 +«4(J-x) 2 =H 

= 1.3623 xlO 9 mm 4 =1.3623 xl0“ 3 m 4 
nMy , , la 


I = —bx 3 + nA s (d - x) 2 =-(200)(187.5) 3 +(8.0)(1674)(262.5) 2 


M =- 




(b) Concrete: 


Steel: 


= 1.0 y = 187.5 mm = 0.1875 m cr = 12.5xl0 6 Pa 

M = (1.3623xl0- 3 )(12.5xl0 6 ) =90 8xl0 3 Nm 
(1.0)(0.1875) 

« = 8.0 y = 262.5 mm = 0.2625 m <x = 140xl0 6 Pa 

.. (1.3623 xl0- 3 )(140xl0 6 ) q in3 M 

M = — = 90.8 x 10 N • m 


(8.0)(0.2625) 

Note that both values are the same for balanced design. 


A, =1674 mm 2 ◄ 


M =90.8kN-m ◄ 
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PROBLEM 4.55 

Five metal strips, each a 0.5 x 1.5-in. cross section, are bonded together to 
form the composite beam shown. The modulus of elasticity is 30 x 10 6 psi 
for the steel, 15 x 10 6 psi for the brass, and 10 x 10 6 psi for the aluminum. 
Knowing that the beam is bent about a horizontal axis by a couple of 
moment 12 kip -in., determine (o) the maximum stress in each of the 
three metals, ( b ) the radius of curvature of the composite beam. 


SOLUTION 


Use aluminum as the reference material. 



30xl0 6 

— = 3.0 m steel 

10xl0 6 

15xl0 6 , c . u 

= 1.5 in brass 

10xl0 6 


n = 1 .0 in aluminum 


For the transformed section, 


Vl 


axis 

o *■ 

" 1-0 
1 --S' 

so r\ 

(D *- 

& 



-\.s 

■"N.o 

<5> + 

(£> *■ 


(a) Aluminum: 
Brass: 


Steel: 


(b) 


h =^A 3 +«,M 2 =^( 1. 5 )(0.5) 3 +(0.75)(1.0) 2 
= 0.7656 in 4 


I 2 =-^b 2 h\ +n 2 A 2 d 2 =t|-(1.5)(0.5) 3 +(1.5)(0.75)(0.5) 2 =0.3047 in 4 

I = —b?h! =— (1.5)(0.5) 3 =0.0469 in 4 
3 12 3 3 12 

I 4 =I 2 = 0.3047 in 4 I 5 = I x = 0.7656 in 4 

5 

7 = ^7,. =2.1875 in 4 
1 


g = ^ = (1.0X12X1.25) =6-86ks . 


a = - 


<7 = 


1 


7 2.1875 

nMy _ (1.5)(12)(0.75) 
7 “ 2.1875 

nMy _ (3.0X12X0.25) 


7 

M 


2.1875 
12x 10 3 


= 6.17 ksi 


= 4.1 1 ksi 


p E a I (10x10 6 )(2.1875) 
p = 1823 in. = 151.9 ft 


: 548.57 xlO -6 in. 


. -l 


◄ 

◄ 

◄ 


◄ 
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Steel 


: 

|o.5 in. 

Aluminum 


: 

0.5 in. 

Brass 


: 

f 0.5 in. 

Aluminum 



0.5 in. 

Steel 



0.5 in. 


1.5 in. 



PROBLEM 4.56 

Five metal strips, each a 0.5 x 1.5-in. cross section, are bonded together to 
form the composite beam shown. The modulus of elasticity is 30 x 10 6 psi 
for the steel, 15 x 10 6 psi for the brass, and 10 x 10 6 psi for the aluminum. 
Knowing that the beam is bent about a horizontal axis by a couple of 
moment 12 kip • in., determine (a) the maximum stress in each of the 
three metals, ( b ) the radius of curvature of the composite beam. 


SOLUTION 


Use aluminum as the reference material. 

„ = A 


30x10 

10xl0 6 

15xl0 6 

10xl0 6 


= 3.0 in steel 


= 1.5 in brass 


n = 1 .0 in aluminum 



For the transformed section, 


I\ ~ 12 + n \AA 

= 'Y~(l-5)(0.5) 3 +(3.0)(0.75)(1.0) 2 
= 2.2969 in 4 


( a ) Steel: 

Aluminum: 

Brass: 


(b) 


I 2 = ^b 2 h 3 2 +n 2 A 2 d 2 = ^(1.5)(0.5) 3 +(1.0)(0.75)(0.5) 2 =0.2031 in 4 

L = ^-&A 3 = — (1.5)(0.5) 3 =0.0234 in 4 
3 12 3 * 12 

7 4 = I 2 = 0.203 1 in 4 / 5 =/j = 2.2969 in 4 

5 

7 = ^7,. =5.0234 in 4 
i 


a =- 


<x = - 


nMy _ (3.0)(12)(1.25) 
I ~ 5.0234 

nMy (1.0)(12X0.75) 
— _ 5.0234 

nMy (1.5X12X0.25) 


= 8.96 ksi 


= 1.792 ksi 


7 5.0234 

1 _ M 12xlQ 3 

p ~ E a I ~ (lOx 10 6 )(5.0234) 

p = 4186 in. = 349 ft 


= 0.896 ksi 


= 238.89 xlO" 6 in. 1 


◄ 

◄ 

◄ 


◄ 
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PROBLEM 4.57 

The composite beam shown is formed by bonding together a brass rod and an 
aluminum rod of semicircular cross sections. The modulus of elasticity is 
15 x 10 6 psi for the brass and 10 x 10 6 psi for the aluminum. Knowing that the 
composite beam is bent about a horizontal axis by couples of moment 
8 kip • in., determine the maximum stress (a) in the brass, (b) in the aluminum. 


SOLUTION 


TC o o 

For each semicircle, r = 0.8 in. A = — r = 1.00531 in . 

2 


_ _ 4 r _ (4)(0.8) 

To 


0.33953 in. /, 


base 


TC a 

— r 


0.160850 in 4 


3;r 3 n 

I = 7 base - Ayl = 0.160850 - (1.00531)(0.33953) 2 = 0.044953 in 4 
Use aluminum as the reference material. 
n = 1 .0 in aluminum 



n = 


E b 15 x 10 6 

- =1.5 m brass 


E a 10xl0 6 
Locate the neutral axis. 



A, in 2 

nA, in 2 

To, in. 

nAy 0 , in 3 

© 

1.00531 

1.50796 

0.33953 

0.51200 

© 

1.00531 

1.00531 

-0.33953 

-0.34133 

E 


2.51327 


0.17067 


0.17067 


'o 


0.06791 in. 


2.51327 

The neutral axis lies 0.06791 in. 
above the material interface. 


d, = 0.33953 - 0.06791 = 0.27162 in., d 2 = 0.33953 + 0.06791 = 0.40744 in. 


0 .5)(0.044957) + (1 .5)(1 .0053 1)(0.27 1 62) 2 = 0.17869 in 4 


/j = n x I + n x Ad\ 

1 2 = n 2 I + n 2 Ad 2 = (1.0)(0.044957) + (1 ,0)(1 .0053 1)(0.40744) 2 = 0.21185 in 4 


1 = 1 1+I2 


0.39054 in 4 


(a) Brass: 


(b) Aluminium: 


= 1.5, y = 0.8 - 0.06791 = 0.73209 in. 

nMy _ (1.5)(8X0.73209) 

<T_ _ T ~ 0.39054 

1.0, y = -0.8 - 0.06791 = -0.86791 in. 
nMy _ (1 ,0)(8)(— 0.8679 1) 


a = — 


0.39054 


<j = -22.5 ksi -A 


0 = 17.78 ksi ◄ 
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y 

Aluminum 


PROBLEM 4.58 


3 mm 

Steel - 



A steel pipe and an aluminum pipe are securely bonded together to form 
--6mm the composite beam shown. The modulus of elasticity is 200 GPa for the 

) 10 mm stee l an d 20 GPa for the aluminum. Knowing that the composite beam is 

bent by a couple of moment 500 N • m, determine the maximum stress 
(a) in the aluminum, ( b ) in the steel. 

z I 

38 i 

mm >- 



SOLUTION 

Use aluminum as the reference material. 

n = 1 .0 in aluminum 


n=E s /E a = 200/70 = 2.857 in steel 


For the transformed section. 


Steel: 


Aluminium: 


(a) Aluminum: 


(b) Steel: 


I.=nl(r:- r *) = (2.S5T) 


(-) 


(16 4 — 10 4 ) = 124.62 xlO 3 mm 4 


T = n. 


n 




(r 0 4 -/j 4 ) = (1.0) — (19 4 -16 4 ) = 50.88 xlO 3 mm 4 




I = I s + I a = 175.50 x 10 3 mm 4 = 175.5 x 10“ 9 m 4 
c = 19 mm = 0.019 m 

n a Mc (1 .0)(500)C0.0 1 9) 


(J„ =■ 


175.5x10“ 


= 54.1x10° Pa 


cr = 54. 1 MPa ◄ 


c = 16 mm = 0.016 m 

_ n s Mc _ (2.857)(500)(0.016) 


175.5x10 


-9 


: 130.2 XlO 6 Pa 


cr ; =130.2 MPa ◄ 
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PROBLEM 4.59 

The rectangular beam shown is made of a plastic for which the 
value of the modulus of elasticity in tension is one-half of its 
value in compression. For a bending moment M = 6 OON-m, 
determine the maximum (a) tensile stress, ( b ) compressive stress. 


SOLUTION 


Locate neutral axis. 


( a ) Tensile stress: 


(< b ) Compressive stress: 


n = — on the tension side of neutral axis 
2 


n = 1 on the compression side 


Y\~\ 

© 

1 

j 

n x bx - n 2 b(h - x) — X = 0 

-bx 2 --b(h-x) 2 =0 
2 4 


® 

f 

h-X 

J 


v 2 = —(h - x) 2 x = — J=- (h - x) 

2 y V2 


1 


V2+1 

h-x- 58.579 mm 
1 


h - 0.41421 /z = 41.421 mm 


1 


I x = n x —bx =(1) - | (50)(4 1 .42 1) = 1.1844x10" mm 4 
3 v 3 . 


1 3 

I 2 = n 2 — b(h-x ) 




| | (50)(58.579) J = 1.6751 xl0°mm 4 


/ = /, + / 2 = 2.8595 x 10 6 mm 4 = 2.8595 x 10 _6 m 4 


n = —, y = -58.579 mm = -0.058579 m 
2 

or = = - (0-5X600X^058579) = 6 15 x 10<ipa 

I 2.8595 xlO -6 

n = 1, y = 41.421 mm = 0.041421 m 
nMy _ (1 .0)(600)(0.04 1 42 1) 


<7 = - 


2.8595x10 


-6 


= -8.69x10° Pa 


a t =6.15 MPa ◄ 


a,. = -8.69 MPa ◄ 
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PROBLEM 4.60* 


A rectangular beam is made of material for which the modulus of elasticity is E t in tension and E c in 
compression. Show that the curvature of the beam in pure bending is 

1 M 

where 
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PROBLEM 4.61 

Knowing that M = 250 N • m, determine the maximum stress in the beam 
shown when the radius r of the fillets is (a) 4 mm, ( b ) 8 mm. 


SOLUTION 


/ = — bh 3 = — (8)(40) 3 = 42.667 x 10 3 mm 4 = 42.667 x 10“ 9 m 4 
12 12 

c = 20 mm = 0.020 m 


D _ 80 mm 
d 40 mm 


2.00 


r 4 mm 

(a) - = = 0.10 From Fig. 4.27, K = 1.87 

d 40 mm 


Me _ (1.87)(250)(0.020) _ 
/ ~ 42.667 xl0“ 9 


(b) 


r 8 mm 
d 40 mm 


0.20 


From Fig. 4.27, 


K = 1.50 


^=K^ = ^M^)^ = i76.0xl0^Pa 

max I 42.667 x 10“ 9 


O'max = 219 MPa * 


CTmax = 176.0 MPa -4 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


510 



PROBLEM 4.62 

Knowing that the allowable stress for the beam shown is 90 MPa, determine 
the allowable bending moment M when the radius r of the fillets is (a) 8 mm, 
(b) 12 mm. 


SOLUTION 


/ = —bh 3 = — (8)(40) 3 = 42.667 x 10 3 mm 4 = 42.667 x 10“ 9 m 4 
12 12 

c = 20 mm = 0.020 m 
D 80 mm 


(a) - 


40 mm 
8 mm 
40 mm 


2.00 

0.2 


From Fig. 4.27, 


K = 1.50 


K 


Me 


M 


*^111, l x ^ 

Kc 


(90 x 10 )(42.667 x 10" y ) 
(1.50X0.020) 


(b) 


r 

7 


12 mm 
40 mm 


= 0.3 


From Fig. 4.27, 


K = 1.35 


M = 


(90 x 10 6 )(42.667 x 10" 9 ) 
(1.35)(0.020) 


M = 128.0 N • m ◄ 


M = 142.0 N • m ◄ 
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PROBLEM 4.63 

Semicircular grooves of radius r must be milled as shown in the sides of 
a steel member. Using an allowable stress of 8 ksi, determine the largest 
bending moment that can be applied to the member when (a) r = -| in., 
(b)r =- 1 in. 
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PROBLEM 4.64 

Semicircular grooves of radius r must be milled as shown in the sides 
of a steel member. Knowing that M = 4 kip • in., determine the 
maximum stress in the member when the radius r of the semicircular 
grooves is (a) r= in., (b) r = - 1 in. 


SOLUTION 

(a) 


d = D - 2r = 4.5 - (2) - = 3.75 in. 


D 4.5 


From Fig. 4.28, 


d 3.75 
K = 2.07 


= 1.20 


0.375 

3.75 


= 0.10 


/ = — M 3 = — 1-|(3.75) 3 = 3.296 in 4 

12 12UJ 

Me (2.07)(4)(1.875) „ , . 

a = K = ± = 4.71 ksi 

/ 3.296 


(6) d = D - 2r = 4.5 - (2) - = 3.00 in. — 


D 4.5 


c = - = 1.875 in. 
2 


cr = 4.71 ksi -4 


3.00 


From Fig. 4.28, 


1 


1 ( 3 


1.50 - 


0.75 

3.0 


0.25 


K = 1.61 I = — bh = — — (3.00) = 1.6875 in c = -4 = 1.5 in. 


12 12U, 

Me (1 .6 1)(4)(1 .5) 


a = K 


1.6875 


5.72 ksi 


<7 = 5.72 ksi ◄ 
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(a) (h) 


PROBLEM 4.65 

A couple of moment M = 2 kN • m is to be 
applied to the end of a steel bar. Determine the 
maximum stress in the bar (a) if the bar is 
designed with grooves having semicircular 
portions of radius r= 10 mm, as shown in Fig. a , 
(. b ) if the bar is redesigned by removing the 
material to the left and right of the dashed lines 
as shown in Fig. b. 


SOLUTION 

For both configurations, 


D 

d 

r 

D_ 

~d 

r 

~d 


150 mm 
100 mm 
10 mm 


150 

100 

10 

100 


1.50 


= 0.10 


For configuration (a), 

Fig. 4.28 gives K a = 2.21. 


For configuration (ft), Fig. 4.27 gives = 1.79. 


I = — bh 3 = — (18)(100) 3 = 1.5 x 10 6 mm 4 = 1.5 x 10" 6 m 4 


12 


12 


c = —d = 50 mm = 0.05 m 
2 

(fl) q = ^ = (2 ' 21)(2 X 1Q3 > ( °-° 5) = 147.0 x 1Q« Pa = 147.0 MPa 


1.5x10 


L— 6 


cr = 147.0 MPa ◄ 


(&) g = KMc_ = (1.79)(2 x 10 3 )(0.05) = n9-Q x 1q6 p& = 119-QMPa 


1.5 x 10 


-6 


a = 119.0 MPa ◄ 
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PROBLEM 4.66 

The allowable stress used in the design of a 
steel bar is 80 MPa. Determine the largest 
couple M that can be applied to the bar (a) if 
the bar is designed with grooves having 
semicircular portions of radius r = 15 mm, as 
shown in Fig. a , ( b ) if the bar is redesigned by 
removing the material to the left and right of 
the dashed lines as shown in Fig. b. 


(a) (b) 


SOLUTION 

For both configurations, 


D = 150 mm d = 100 mm 
r - 15 mm 


D 

~d 

r 

~d 


150 

100 

15 

100 


= 1.50 


0.15 


For configuration (a), Fig. 4.28 gives K a = 1.92. 

For configuration (Z>), Fig. 4.27 gives K b = 1.57. 

/ = —bh 3 = — (18)(100) 3 = 1.5 x 10 6 mm 4 = 1.5 x 10" 6 m 4 
12 12 

c = —d = 50 mm = 0.050 m 
2 

, . KMc I# < 7 / (80 x 10 6 )(1 .5 x 10 -6 ) , ,„ 3xt 

(a) a = .'. M = — = = 1.250 x 10 J N • m 

/ Kc (1.92) x (0.05) 

= 1.250 kN-m 


◄ 


(a) 


al 

M = — = 

Kc 


(80 x 10 6 )(1.5 x 1Q~ 6 ) 
(1.57)(0.050) 


= 1.530 x 10 3 N • m = 1.530 kN • m 


◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


515 



PROBLEM 4.67 


The prismatic bar shown is made of a steel that is assumed to be 
elastoplastic with cr 7 =300 MPa and is subjected to a couple M 
parallel to the x axis. Determine the moment M of the couple for which 
(< a ) yield first occurs, ( b ) the elastic core of the bar is 4 mm thick. 


SOLUTION 

(a) 


I = —bh 3 = — (12)(8) 3 =512 mm 4 
12 12 

= 512xl(T 12 m 4 


c = —h = Amm = 0.004 m 
2 


a Y I (300 x 1 0° )(5 1 2 x 1 0~ 12 ) 


M v 


0.004 


(b) y Y =— (4) = 2 mm 


= 38.4 N -m 

y Y _ 2 


■ 0.5 


M=-My 


1 -- 


f yy ^ 1 


v c y 


(38.4) 


l-j(0.5) 2 


= 52.8 N-m 


M y =38.4N-m ◄ 


M = 52.8 N-m ◄ 
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M 


PROBLEM 4.68 


r > S>\ 

Solve Prob. 4.67, assuming that the couple M is parallel to the z axis. 




PROBLEM 4.67 The prismatic bar shown is made of a steel that is 
assumed to be elastoplastic with cr Y =300 MPa and is subjected to a 
couple M parallel to the v axis. Determine the moment M of the couple 
for which (a) yield first occurs, ( b ) the elastic core of the bar is 4 mm 
thick. 

12 mn 

i 8 mm 



SOLUTION 


/ = —bh 3 = — (8)(12) 3 =1.152xl0 3 mm 4 
(a) 12 12 

= 1.152xl0 _9 m 4 


c = —h = 6 mm = 0.006 m 
2 


dyl (300xl0°)(1.152xl0“ 9 ) 


My 


0.006 


= 57.6 N-m 


M y =57.6 N -m ◄ 


(b) y Y = -(4) = 2 mm 


Zl 

c 


2_l 

6 ~ 3 


M=-My 


1— 


= -(57.6) 


= 83.2 N-m 


i 

r*T 

3 

V ' 

c J 


1 

rn 

L — 

3 

Uy 


M =83.2 N -m ◄ 
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PROBLEM 4.69 

A solid square rod of side 0.6 in. is made of a steel that is assumed to be elastoplastic with E = 29 x 10 6 psi 
and <7 y = 48 ksi. Knowing that a couple M is applied and maintained about an axis parallel to a side of the 
cross section, determine the moment M of the couple for which the radius of curvature is 6 ft. 
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PROBLEM 4.70 

For the solid square rod of Prob. 4.69, determine the moment M for which the radius of curvature is 3 ft. 

PROBLEM 4.69. A solid square rod of side 0.6 in. is made of a steel that is assumed to be elastoplastic with 
E = 29 x 10 6 psi and cy = 48 ksi. Knowing that a couple M is applied and maintained about an axis parallel 
to a side of the cross section, determine the moment M of the couple for which the radius of curvature is 6 ft. 
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PROBLEM 4.71 

The prismatic rod shown is made of a steel that is assumed to be elastoplastic with 
E = 200 GPa and a Y = 280 MPa . Knowing that couples M and M' of moment 
525 N * m are applied and maintained about axes parallel to the y axis, determine 
( a ) the thickness of the elastic core, ( b ) the radius of curvature of the bar. 


SOLUTION 


(a) 

(b) 


I = —bh 3 = — (24V18) 3 = 11.664 x 10 3 mm 4 = 11.664 x 10" 3 m 4 
12 12 

c = —h = 9 mm = 0.009 m 
2 


o' Y I _ (280 X 10 6 )(1 1.664 X 1Q~ 9 ) 
c ~ 0.009 



( 2 ^ 

i _IZl 
3 c 2 , 


or 



= 362.88 N • m 



2 


M 

M y 


Zl L _ (2X525) = 0 32632 = o 3 2632c = 2.9368 mm 

c V 362.88 r 



Eyy (200 x 10 9 )(2.9368 x 10~ 3 ) 2Q()m 

cr Y 280 x 10 6 


f core = 2 >V = 5 - 87 mm < 

◄ 
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PROBLEM 4.72 

Solve Prob. 4.71, assuming that the couples M and M' are applied and 
maintained about axes parallel to the v axis. 

PROBLEM 4.71 The prismatic rod shown is made of a steel that is assumed to 
be elastoplastic with E = 200 GPa and o Y = 280 MPa . Knowing that couples 
M and M' of moment 525 N * m are applied and maintained about axes parallel 
to the y axis, determine ( a ) the thickness of the elastic core, ( b ) the radius of 
curvature of the bar. 


SOLUTION 


(a) 

(b) 


I = — bh 3 = — (18V24) 3 = 20.736 x 10 3 mm 4 = 20.736 x 10" 9 m 4 
12 12 

c = —h = 12 mm = 0.012 m 
2 

cr Y I _ (280 x 10 6 )(20.736 x 10“ 9 ) 


My 


M = ~My 


0.012 


483.84 N • m 


1 1 yy 

3 c 2 J 


or 


— = .13-2 


M 

M v 


^ = . 1 3 


(2)(525) 

483.84 


Zl 

p 


0.91097 ,y 7 = 0.91097 c = 10.932 mm 


Ey r _ (200 x 10 9 )(10,932 x 10~ 3 ) _ ? gl m 
P <j y 280 xlO 6 


f core = 2 >’y = 21.9 mm ◄ 

◄ 
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- 60 mm - 


90 mm 


PROBLEM 4.73 

A beam of the cross section shown is made of a steel that is assumed to be 
elastoplastic with E = 200 GPa and oy = 240 MPa. For bending about the z axis, 
determine the bending moment at which ( a ) yield first occurs, ( b ) the plastic 
zones at the top and bottom of the bar are 30 mm thick. 


SOLUTION 


(a) I = —bh 3 = — (60)(90) 3 = 3.645 x 10 6 mm 4 = 3.645 x 10 6 m 4 

12 12 

1 


c = —h = 45 mm = 0.045 m 
2 

,, oyl (240 x 10 6 )(3.645 x 10 -6 ) 

My = ~ — = — 

’ c 0.045 


= 19.44 x 10N -m 




ay is 

/ , ' ✓ / /■ .»v 

M*) 

_sL 

IS 




t 



■<- 


^ 6 

R x =a Y A l =(240x1 0 6 )(0.060)(0.030) 
= 432xl0 3 N 

y l =15 mm + 15 mm = 0.030 m 


^2 “ 2 


2 | (240 x 1 0 6 )(0.060)(0.0 1 5) 


:108xl0 N 


y 2 = —(15 mm) = 10 mm = 0.010 m 
(b) M = 2 (R x y x + R 2 y 2 ) = 2[(432 x 10 3 )(0.030) + (108 x 10 3 )(0.010)] 


M Y =19.44 kN-m ◄ 


I?. 



: 28.08 xl0 3 N-m 


M = 28.1 kN-m ◄ 
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y 






t 

30 mm 

t 





t 

30 mm 

t 

mm — ► 



*C 


t 

30 mm 

i 




15 mm 


30 mm 


PROBLEM 4.74 

A beam of the cross section shown is made of a steel that is assumed to be 
elastoplastic with E = 200 GPa and ay = 240 MPa. For bending about the 
z axis, determine the bending moment at which (< a ) yield first occurs, 
( b ) the plastic zones at the top and bottom of the bar are 30 mm thick. 


SOLUTION 


(a) / rect = F-M 3 = -F(60)(90) 3 = 3.645 x 10 6 mm 4 

Cout =^(30)(30) 3 =67.5xl0 3 mm 4 

/ = 3.645 x 10 6 - 67.5 x 10 3 = 3.5775 x 10 6 mm 4 

= 3.5775 xlO -6 mm 4 


c = 


—h = 45 mm = 0.045 m 
2 


Qyl_ (240x10 6 )(3.5775x 10~ 6 ) 
c ” 0.045 

= 19.08 xlO 3 N-m 



Ri = (JyAj = (240 x 10 6 )(0.060)(0.030) = 432 x 10 3 N 
y 1 = 15 mm + 15 mm = 30 mm = 0.030 m 

R 2 = Ej y A 2 = ^(240 X 10 6 )(0.030)(0.015) = 54 x 10 3 N 

2 

y 2 = —(15 mm) = 10 mm = 0.010 m 


(b) M = 2(/?,V| + R 2 y 2 ) 

= 2[(432 x 10 3 )(0.030) + (54 x 10 3 )(0.010)] 
= 27.00 x 10 3 N • m 


M Y =19.08 kN -m ◄ 


M = 27.0 kN • m ◄ 
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PROBLEM 4.75 

A beam of the cross section shown is made of a steel that is assumed to 
be elastoplastic with E = 29 x 1 0 6 psi and oy=42ksi. For bending 
about the z axis, determine the bending moment at which (a) yield first 
occurs, ( b ) the plastic zones at the top and bottom of the bar are 3 in. 
thick. 





T 

3 in. 

L 

t 

3 in. 

\ 

3 


' u 






t 

3 in. 


1.5 in.— ► 




— 1.5 in. 



3 in. 




SOLUTION 

(a) I \ = + A x dl = ^(3)(3) 3 + (3)(3)(3) 2 = 87.75 in 4 

^2=^^2=^(6)(3) 3 =13.5in 4 

/ 3 = /, =87.75 in 4 
/ = /, +/ 2 +/ 3 =188.5 in 4 
c = 4.5 in. 

M <jyl (42)(188.5) 
r c 4.5 


M Y = 1759 kip - in. 




^ = (j Y A x = (42)(3X3) = 378 kip 
=1.5 + 1.5 = 3.0 in. 

i?2 =^ k 4 2 =i(42)(6)(1.5) 

= 189 kip 

^2 =|(1.5) = 1.0 in. 


( b ) M = + i? 2> ; 2 ) = 2[(378)(3.0) + (189)(1.0)] = 2646 kip • in. 


M = 2650 kip • in. 


◄ 


◄ 
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PROBLEM 4.76 


3 in. 


3 in. 


3 in. 


1.5 in. - 


|<— 3 in. - 


- 1.5 in. 


A beam of the cross section shown is made of a steel that is assumed to 
be elastoplastic with E = 29 x 1 0 6 psi and cj y - 42 ksi. For bending 
about the z axis, determine the bending moment at which (a) yield first 
occurs, ( b ) the plastic zones at the top and bottom of the bar are 3 in. 
thick. 
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PROBLEM 4.77 




90i 

For the beam indicated (of Prob. 4.73), determine ( a ) the fully plastic moment 
M p , ( b ) the shape factor of the cross section. 

mm 

f 



*C 

— 60 mm — ► 



SOLUTION 

From Problem 4.73, E = 200 GPa and a Y = 240 MPa 

A l = (60)(45) = 2700 mm 2 
= 2700x 10 _6 m 2 
R = <j y A 

= (240 x 1 0 6 )(2700 x 1 0“ 6 ) 

= 648x10 3 N 
d = 45 mm = 0.045 m 





(a) M p = Rd = (648xl0 3 )(0.045) = 29.16x 10 3 N -m 

(b) I = — bh 3 = — (60)(90) 3 = 3.645 x 10 6 mm 4 = 3.645 x 10~ 6 m 4 

12 12 

c — 45 mm = 0.045 m 

a Y I (240 xl0 6 )(3. 645x1 O' 6 ) .... 1a3xt 

My =^— = 2 22 2 = 1944x10 N-m 

7 c 0.045 


Mp 29.16 
19.44 


M p = 29.2 kN-m ◄ 


it = 1.500 ◄ 
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t 

30 mm 

t 





t 

30 mm 

t 

mm — ► 



*C 


t 

30 mm 

i 




15 mm 


30 mm 


PROBLEM 4.78 

For the beam indicated (of Prob. 4.74), determine (a) the fully plastic moment 
M p , ( b ) the shape factor of the cross section. 


SOLUTION 


From Problem 4.74, E = 200 GPa and a Y = 240 MPa 

(a) R l = <j y A x 

= (240x10 6 )(0.060)(0.030) 

= 432 x 10 3 N 

v, = 1 5 mm + 15 mm = 30 mm 
= 0.030 m 

R 2 = cf y A 2 

= (240 x 10 6 )(0.030)(0.015) 

= 108xl0 3 N 

y 2 = 1(15) = 7.5 mm = 0.0075 m 

M p = 2(R x y x + R 2 y 2 ) = 2[(432x 10 3 )(0.030) + (108x 10 3 )(0.0075)] 
= 27.54 xl0 3 N-m 



(*) 


7 rect =j^t>h 3 =^-(60)(90) 3 = 3.645 xlO 6 mm 4 

Cutout =^bh 3 =-L(30)(30) 3 = 67.5 XlO 3 mm 4 

I = I rect - 7 cutout = 3.645 x 10 6 - 67.5 x 10 3 = 3.57 75 x 10 3 mm 4 

= 3.5775 x 10" 9 m 4 


c = 


—h = 45 mm = 0.045 m 
2 


My 


cr Y I 


(240 x 10 6 )(3.5775 x 10~ 9 ) 
0.045 


: 19.08 xlO 3 N-m 


Mp 27.54 
~ M Y ~ 19.08 



M p =27.5 kN-m ◄ 


it = 1.443 ◄ 
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3 in. 


3 in. 

4. 

f 

3 in. 

_L 


PROBLEM 4.79 

For the beam indicated (of Prob. 4.75), determine {a) the fully plastic 
moment M p , ( b ) the shape factor of the cross section. 


1.5 in. 


3 in. 


-1.5 in. 


SOLUTION 


From Problem 4.75, E = 29 x 10 6 psi and ay = 42 ksi. 


(a) = o-yA, = (42)(3)(3) = 378 kip 

}) =1.5 + 1.5 = 3.0 in. 
r 2 = oy A 2 = (42X6X1.5) = 378 kip 

y 2 =1(1.5) = 0.75 in. 

M p = 2 {R x y x + R 2 y 2 ) = 2[(378)(3.0) + (378X0. 75)] 



M p = 2840 kip • in. ◄ 


(b) I ! = ^brf + A { df = j^(3)(3) 3 + (3)(3)(3) 2 = 87.75 in 4 

^2 = ~^b 2 h\ =^-(6)(3) 3 =13.5 in 4 

7 3 = 7j = 87.75 in 4 
7 = 7j + 7 2 + 7 3 = 1 88.5 in 4 
c = 4.5 in. 

,, <J Y I (42)(188.5) . 

M y = — — = - — — = 1759.3 kip • in 

Y c 4.5 

k _ M JL _ 2835 

~ M Y ~ 1759.3 


k = 1.61 1 ◄ 
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PROBLEM 4.80 

For the beam indicated (of Prob. 4.76), determine (a) the fully plastic 
moment M , (b) the shape factor of the cross section. 


SOLUTION 


From Problem 4.76, £' = 29xl0 6 

(a) R t = < 7 y A [ = (42)(6)(3) = 756 kip 
y l =1.5 + 1. 5 = 3.0 in. 

R 2 =a Y A 2 = (42)(3)(1.5) = 189 kip 

y 2 =j( 1.5) = 0.75 in. 


and cj y = 42 ksi 





M p = 2(R t y t + R 2 y 2 ) = 2[( 756)( 3 .0) + (1 89)(0. 75)] 


M p = 4820 kip • in. A 


(b) I \ = ^b x hl + = -^(6)(3) 3 + (6)(3)(3) 2 = 175.5 in 4 

^2 = ~^ 2 ^l = ~(3)(3) 3 =6.75 in 4 

/ 3 = /j =175.5 in 4 
/ = / 1+ / 2 +/ 3 = 357.75 in 4 
c = 4.5 in. 


,, (Tyl (42V357.75) , . . 

M v =^- = - — - = 3339 kip -in. 

7 c 4.5 

Mp_ 4819.5 

~M y ~ 3339 


k = 1.443 ◄ 
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r = 18 mm 


PROBLEM 4.81 

Determine the plastic moment M p of a steel beam of the cross section shown, 
assuming the steel to be elastoplastic with a yield strength of 240 MPa. 


SOLUTION 



For a semicircle, A = — r 2 ; r = — 

2 3tt 


Resultant force on semicircular section: R = g y A 

Resultant moment on entire cross section: 

M n = 2 RT = - a Y r 3 

P 3 r 

Data: a Y = 240 MPa = 240 x 10 6 Pa, r = 18 mm = 0.018 m 

M p = ^(240 x 10 6 )(0.018) 3 = 1866 N • m 

M p = 1.866 kN - m^ 
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PROBLEM 4.82 

Determine the plastic moment M p of a steel beam of the cross section shown, 
assuming the steel to be elastoplastic with a yield strength of 240 MPa. 


SOLUTION 

Total area: 


A = (50X90) - (30)(30) = 3600 mm 2 


—A = 1800 mm 2 
2 

i A 1800 

x = — — = = 36 mm 

b 50 


NA 



ST 

y" *' 

’ s * ■ 

“T 

X 

* 





i 



UJ 







c 



> 


- - 




... 






fc. 

Rh~ 


R, 


A x = (50)(36) = 1800 mm 2 , y x =18 mm, A 1 y 1 =32.4xl0 3 mm 3 


A 2 = (50)(14) = 700 mm 2 , = 7 mm, 


A 2 y 2 = 4.9 x 10 3 min' 


A 3 = (20)(30) = 600 mm 2 , y 3 =29 mm, A 3 y 3 =17.4xl0 3 mm 3 
A 4 =(50)(10) = 500 mm 2 , y 4 =49 mm, A 4 y 4 = 24.5 x 10 3 mm 3 

A l y l +A 2 y 2 + A 3 y 3 + A 4 y 4 =79.2xl0 3 mm 3 =79.2xl0 _6 m 3 
M = o-yZAjy. = (240 x 1 0 6 )(79.2 x 1 0“ 6 ) = 19.008 x 1 0 3 N • m 


M =19.01 kN-m ◄ 
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PROBLEM 4.83 

36 mm Determine the plastic moment M p of a steel beam of the cross section shown, 
assuming the steel to be elastoplastic with a yield strength of 240 MPa. 
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0.4 in. 
1.0 in. 

0.4 in. 0.4 in. 





-*-1.0 in.— ► 







PROBLEM 4.84 

Determine the plastic moment M p of a steel beam of the cross section shown, 
assuming the steel to be elastoplastic with a yield strength of 42 ksi. 


SOLUTION 

A = (1 .0 in.)(0.4 in.) + 2(1 .4 in.)(0.4 in.) = 1 .52 in 2 
10-52) 

x = 24 - = 0.95 in. 

2(0.4) 

R x = (1.0)(0.4) = 0.4 in 2 
1, =1.2-0.95 = 0.25 in. 

R 2 = 2(0.4)(1 .4 - 0.95) = 0.36 in 2 

y 2 =1(1.4 -0.95) = 0.225 in. 

R 3 = 2(0.4)(0.95) = 0.760 in 2 
y 3 =i(0.95) = 0.475 in. 

M P =(^ili + R 2y 2 + ^ 3 )^) 

= [(0.4)(0.25) + (0.36X0.225) + (0.760)(0.475)](42) 



M p = 22.8 kip -in. ◄ 
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PROBLEM 4.85 

Determine the plastic moment M p of the cross section shown when the beam is 
bent about a horizontal axis. Assume the material to be elastoplastic with a 
yield strength of 175 MPa. 
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4 in. — *j 



_L K 


3 in. 

J.U 


}in. 


2 in. 


PROBLEM 4.86 

Determine the plastic moment M p of a steel beam of the cross section shown, assuming 
the steel to be elastoplastic with a yield strength of 36 ksi. 


SOLUTION 


Total area: 


A = (4) 


— A = 2.25 in 2 
2 


f i 3 


\ z 7 


r»A 


(3) + (2) 


P 

vz~ 

.©fsT 


= 4.5 in 2 


0.5 


E 

d>>4 




2.? 




^ = 2.00 in 2 , jj = 0.75, 4,^ = 1.50 in 3 

A 2 = 0.25 in 2 , y 2 = 0.25, A 2 y 2 = 0.0625 in 3 
A 3 = 1 .25 in 2 , y 3 = 1 .25, A 3 y 3 = 1 .5625 in 3 
A 4 =1.00 in 2 , y 4 = 2.75, A 4 y 4 = 2.75 in 3 

M P = o- r (Ayi + Ayi + 43b + Ay a) 

= (36)(1 -50 + 0.0625 + 1 .5625 + 2.75) 


M= 212 kip-in. ◄ 
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PROBLEM 4.87 




90 i 

For the beam indicated (of Prob. 4.73), a couple of moment equal to the full 
plastic moment M p is applied and then removed. Using a yield strength of 

_ 240 MPa, determine the residual stress at y = 45 mm . 

11111 y ^ 

f 



*C 

— 60 mm — ► 



SOLUTION 


M p = 29.16 xl0 3 N-m 

See solutions to Problems 4.73 and 4.77. 

I = 3.645 xl0" 6 m 4 
c = 0.045 m 
G ' _ M mdiX y _ M p c 
I I 


at v = c = 45 mm 




MPa. 


= (29-16 xl0 3 X0 6 045) = 36 o xl Q 6pa 
3.645 x 10“ 6 

o- res = a '-a Y = 360 x 10 6 - 240 x 10 6 

= 120 x 10 6 Pa o- res = 120.0 MPa ◄ 
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PROBLEM 4.88 

For the beam indicated (of Prob. 4.74), a couple of moment equal to the 
full plastic moment M p is applied and then removed. Using a yield 
strength of 240 MPa, determine the residual stress at y - 45 mm . 


SOLUTION 


M p = 27.54 x 10 3 N • m (See solutions to Problems 4.74 and 4.78.) 


/ = 3.5775 x 10“ 6 m 4 , c = 0.045 m 


cj' 

& 


M v M n c 

max^ _ P ^ 

i i 

(27.54 x 10 3 )(0.045) 
3.5775 x 10" 6 


y = c 

= 346.4 xlO 6 Pa 



<j res = o’ - Oy = 346.4 x 10 6 - 240 x 10 6 = 106.4 x 10 6 Pa 


<j res = 106.4 MPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


537 



PROBLEM 4.89 

A bending couple is applied to the bar indicated, causing plastic zones 
3 in. thick to develop at the top and bottom of the bar. After the couple 
has been removed, determine ( a ) the residual stress at y = 4.5 in., 
(i b ) the points where the residual stress is zero, (c) the radius of 
curvature corresponding to the permanent deformation of the bar. 

Beam of Prob. 4.75. 


SOLUTION 


See solution to Problem 4.75 for bending couple and stress distribution during loading. 

M = 2646 kip • in. y Y = 1.5 in. E = 29 x 10 6 psi = 29 x 10 3 ksi 
<j y = 42 ksi / = 188.5 in 4 c = 4.5 in. 


a' - 

Me 

( 2646 )(4.5) = 63.167 ksi 



" T ~ 

188.5 


a" : 

_ My Y _ 

= ( 2646 * L5 >= 21.056 ksi 



I 

188.5 


At 

y = c, 

(Tfes = <J r - cr Y = 63.167 - 42 = 

21.167 ksi 

At 

II 

Ps 

, cr res = cr" - cj y = 21.056 - 42 

= -20.944 ksi 


cr res = -20.9 ksi A 



LOADING 



21. 17 ks.- 



(P) 


My 0 


Lo 


l Gy 

M 


(188.5)(42) 

2646 


2.99 in. 


Answer: y 0 = -2.99 in., 0, 2.99 in. A 


(c) At y = y Y , cr res = -20.944 ksi 

„ = , ^ = ( 29x io 3 )( 1 - 5 ) = 2077ia 

p a 20.944 


p = 173.1ft ◄ 
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PROBLEM 4.90 

A bending couple is applied to the bar indicated, causing plastic zones 
3 in. thick to develop at the top and bottom of the bar. After the couple 
has been removed, determine {a) the residual stress at y = 4.5 in., 
(. b ) the points where the residual stress is zero, (c) the radius of 
curvature corresponding to the permanent deformation of the bar. 

Beam of Prob. 4.76. 


SOLUTION 

See solution to Problem 4.76 for bending couple and stress distribution. 

M = 4725 kip • in. ^ = 1.5 in. £ = 29 x 10 6 psi = 29 x 10 3 ksi 

a Y = 42 ksi 1 = 357.75 in 4 
Me (4725X4.5) 


{a) a = 


357.75 


c - 4.5 in. 
59.434 ksi 


a „ = My^ = (4725X1-5) = 19 8H3ksi 
/ 357.75 

At y = c, <r res = cr' - a Y = 59.434 - 42 = 17.4340 ksi 
At y = y Y , <7 res = a" - a Y = 19.81 13 - 42 = -22.189 ksi 

55.43 k*; 



LOADING 


(b) o- res = 0 .-. 



My 0 


o' = 59.4 ksi -4 


17.93 tot 

ksi 

ksi 

RESIDUAL STRESSES 



-Gy ~ 0 


7^ = (357.75X42) = 3 18 . n 
u M 4725 


(c) At y = y Y , <r res = -22. 189 ksi 


Ey . _ Ey _ (29 x 10 3 )(1 .5) 

p P ~ cr 22.189 


Answer: ^ 0 =-3.18in., 0, 3.18in. 4 


1960.43 in. 


p = 163.4 ft. ◄ 
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y 

PROBLEM 4.91 




90 i 

3 

A bending couple is applied to the beam of Prob. 4.73, causing plastic zones 
30 mm thick to develop at the top and bottom of the beam. After the couple has 
))m been removed, determine ( a ) the residual stress at y = 45 mm, ( b ) the points 

where the residual stress is zero, (c) the radius of curvature corresponding to 
the permanent deformation of the beam. 

f 



*C 

— 60 mm — ► 



SOLUTION 

See solution to Problem 4.73 for bending couple and stress distribution during loading. 

M = 28.08 xl0 3 N-m y Y = 15 mm = 0.015 m E = 200 GPa 
cj y = 240 MPa / = 3.645 x 1(T 6 m 4 c = 0.045 m 


(a) 


(b) 


(c) 


, Me (28.08 x 10 3 )(0.045) „„„„ in6 „ 

a' = = — - = 346.67 x 10 6 Pa = 346.67 MPa 


-6 


3.645 x 10 

„ _ Myy _ (28.08 xl0 3 )(0.015) _ 


a = 


3.645 x 10 


6 


= 1 15.556 x 10° Pa = 1 15.556 MPa 


At y = c, <r res = a’ - cr Y = 346.67 - 240 = 106.670 MPa 
At y = y Y , cr res = a” - a Y = 1 15.556 - 240 = -124.444 MPa 
210 Mffcr- 


cr res = 106.7 MPa ◄ 


o- res = -124.4 MPa 




Wo HP^ 




O'res = 0 


LOADING 


My 0 




RESIDUAL STRESSES 


y o 


Io Y _ (3.645 x 10~ 6 )(240 x 10 6 ) 


M 


,3 


At y = y Y , cr n 

p 


28.08 x 10 


-124.444 xlO 6 Pa 


31.15 x 10 -3 m = 31.15mm 

Answer: y 0 = -31.2 mm, 0, 31.2 mm A 


Ey _ (200 x 10 9 )(0.015) 
cr “ -124.444 xlO 6 


p = 24.1 m <4 
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PROBLEM 4.92 

A beam of the cross section shown is made of a steel that is assumed to be 
elastoplastic with E = 29 x 10 6 psi and cr Y = 42 ksi. A bending couple is 
applied to the beam about the z axis, causing plastic zones 2 in. thick to 
develop at the top and bottom of the beam. After the couple has been removed, 
determine (a) the residual stress aty = 2 in., ( b ) the points where the residual 
stress is zero, (c) the radius of curvature corresponding to the permanent 
deformation of the beam. 
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PROBLEM 4.92 (Continued) 


At y - c, cr res -a - <j Y = 55.364-42 = 13.3640 ksi 
At y = y Y , cr res =<j' -<j y = 27.682-42 = -14.3180 ksi 


cr rpc = 13.36 ksi A 


cr res = -14.32 ksi 4 



(*) O'res = 0 


LOADING 


Gy 



y o =■ 


Ia Y (14.667)(42) 


M 406 


= 1.517 in 


Answer ij’o =—1.517 in., 0, 1 .5 1 7 in. A 


(c) At>> = ^ r , <r res =-14.3180 ksi 


Ey Ey (29x10 ¥1.0) „„ . 

<T = — - .-. p = — - = - — - = 2025.42 in. 

p a 14.3180 


/?= 168.8 ft ◄ 
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PROBLEM 4.93* 

A rectangular bar that is straight and unstressed is bent into an arc of circle of radius by two couples of 
moment M. After the couples are removed, it is observed that the radius of curvature of the bar is p R . 
Denoting by p Y the radius of curvature of the bar at the onset of yield, show that the radii of curvature satisfy 
the following relation: 


11 

l-l-S- 

1-1 

C \ 

P 

2 


Pr P 

2 p Y 

3 

\Py j 
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PROBLEM 4.94 

A solid bar of rectangular cross section is made of a material that is assumed to be elastoplastic. Denoting by 
M Y and p Y , respectively, the bending moment and radius of curvature at the onset of yield, determine (a) the 
radius of curvature when a couple of moment M = 1.2 5M Y is applied to the bar, (b) the radius of curvature 
after the couple is removed. Check the results obtained by using the relation derived in Prob. 4.93. 


SOLUTION 


(a) 


_L - Ml 

~Pr ~ ~EI’ 



f 

1 

V 




Let m = 


M 

My 


= 1.25 


M 

m = 

M y 


3_ 

2 


}_P_ 
3 Py 




= V3 - 2 m = 0.70711 
Py 


J_ -M-M 1 MMi 1 m 1 125 

p R p EI p El p p Y 0.7071 \p Y p Y 

_ 0.16421 

Py 


p = 0.707 p Y A 


Pr = 6.09/?; ◄ 
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M 



PROBLEM 4.95 

The prismatic bar AB is made of a steel that is assumed to be elastoplastic and 
for which E = 200 GPa . Knowing that the radius of curvature of the bar is 
2.4 m when a couple of moment M = 350 N -m is applied as shown, 
determine (a) the yield strength of the steel, ( b ) the thickness of the elastic 
core of the bar. 


SOLUTION 


M = -My 


3 Gy I 


1- 


1 P 


2 A 


Py, 


2 c 


1 

! 1 P 


3 E z c 


2 2 


3 <j Y b(2c) 
2 


(TybC 1 


12c 

f 

1 


1 „2 _2 3 
1 -}_P °v 


V 


3 E 2 c 2 


1 ^2 2 ^ 
1 P Py 


3 E z c 


2 2 


(a) 


bc 2 a v 


J2 2 \ 

P a Y 

3E 2 c 2 


M 


Cubic equation for <j y 


Data: 


E = 200 x 10 9 Pa 
M = 420 N • m 
p = 2.4 m 

b - 20 mm = 0.020 m 

c = —h = 8 mm = 0.008 m 
2 

(1.28 x 10" 6 ) o> [l - 750 x 10 _21 of ] = 350 


[l - 750 x 10 _21 <jy] = 


273.44 x 10° 


(b) 


Solving by trial, 

yy 


a v = 292x10° Pa 


^ = (292x10^X2.4) = 3 504 x 10 - 3 m = 3 . 504 mm 
E 200 x 10 9 


tr Y = 292 MPa ◄ 


thickness of elastic core = 2 y Y = 7.01 m m -4 
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a (MPa) 
300 

200 

100 


PROBLEM 4.96 











b The prismatic bar AB is made of an aluminum 

40 mm x jy 1 

y- r alloy for which the tensile stress-strain diagram 

M is as shown. Assuming that the cr-£ diagram is 

same i n compression as in tension, 
60 mm determine {a) the radius of curvature of the bar 

A when the maximum stress is 250 MPa, Q b ) the 

corresponding value of the bending moment. 
(Hint: For part b , plot cr versus y and use an 













/ 









/ 

f 








! 

/ 









/ 










( 

) 0.005 o.oio 6 approximate method of integration.) 


SOLUTION 


(a) <J m = 250 MPa = 250 x 10 6 Pa 
s m = 0.0064 from curve 

c = — h = 30 mm = 0.030 m 
2 

b = 40 mm = 0.040 m 
0.0064 

P c 


0.21333 m 


-l 


p = 4.69 m <4 


7 

£ 

" 2 fo* 


c 0.030 

y 

( b ) Strain distribution: £ = -s m — = where 

c 

Bending couple: M = -j^ycrbdy - Zhj^y \<j\ dy - 2bc 2 ^u\ct\ du = lbc 2 J 

where the integral/ is given by J*w|cr| /w 

Evaluate / using a method of numerial integration. If Simpson’s rule is used, the integration formula is 

/ = -^-Z>vw|cr| 

3 

where w is a weighting factor. 

Using A u = 0.25, we get the values given in the table below: 


u 

\£\ 

\<j\, (MPa) 

u \<j \ , (MPa) 

IV 

wu cr , (MPa) 

0 

0 

0 

0 

1 

0 

0.25 

0.0016 

110 

27.5 

4 

110 

0.5 

0.0032 

180 

90 

2 

180 

0.75 

0.0048 

225 

168.75 

4 

675 

1.00 

0.0064 

250 

250 

1 

250 


1215 


/ = = 101.25 MPa = 101.25 x 10 6 Pa 

3 


<— Ewu 


M = (2)(0.040)(0.03 0) 2 (101 .25 x 10 6 ) = 7.29 x 10 3 N • m M = 7.29 kN • m ◄ 
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PROBLEM 4.97 

The prismatic bar AB is made of a bronze alloy for which the tensile 
stress-strain diagram is as shown. Assuming that the as diagram is 
the same in compression as in tension, determine (a) the maximum 
stress in the bar when the radius of curvature of the bar is 100 in., 
( b ) the corresponding value of the bending moment. (See hint given 
in Prob. 4.96.) 


SOLUTION 


{a) p = 100 in., b = 0.8 in., c = 0.6 in. 


£,n =- = — = 0.006 

m p 100 


From the curve, a m = 43.0 ksi A 


0 b ) 


Strain distribution: s = -s m — = s m u where u - — 

c 8 

Bending couple: M = -j^yabdy = Zhj^y \a\dy = 2 bc 2 \ l Q u \a\ du = lbc 2 J 


where the integral/ is given by \a\du 

Evaluate / using a method of numerial integration. If Simpson’s rule is used, the integration formula is 

j = 

where w is a weighting factor. 

Using A u = 0.25, we get the values given the table below: 


u 

kl 

\a , ksi 

u \a , ksi 

w 

wu \a , ksi 

0 

0 

0 

0 

1 

0 

0.25 

0.0015 

25 

6.25 

4 

25 

0.5 

0.003 

36 

18 

2 

36 

0.75 

0.0045 

40 

30 

4 

120 

1.00 

0.006 

43 

43 

1 

43 


224 


/= (0.25X224) = 1867ks . 
3 

M = (2)(0.8)(0.6) 2 (1 8.67) 


<— Twu | cr | 


M = 10.75 kip • in. ◄ 
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PROBLEM 4.98 



A prismatic bar of rectangular cross section is made of an alloy for 
which the stress-strain diagram can be represented by the relation 


s = kcj n for <j > 0 and s = - 


kd n 


for g < 0 . If a couple M is 


applied to the bar, show that the maximum stress is 


= 


l + 2/i Me 

~3n T 


SOLUTION 

Strain distribution: 
Bending couple: 


For 


Then 


Recall that 
Then 



= -sju 


where 



M 


= -\l c y°bdy = 2 b\l y |cr| dy = 2 bc 2 \ i 
2 r 1 

= 2 be J Q u \g\ du 


2 rcy 


dy 


Ka n , 


Kg„ 


£ 


f \ n 

G 


1 

o-^u n 


V G in J 


M = 2 bc 2 ^UG m u n du = 2bc 2 G m \ l 0 u +n du 
2 +— 


u 2 U 
= 2bca ™2 + ± 

2n + l M 


rld= 


2 « 2 
-be cr„ 


2 /; + 1 


2 6c 2 

/ 1 6(2c) 3 2, 2 

— = — — = —be 

c 12 c 3 

2/2 + 1 Me 

~ I T~ 

3/2 / 


ftc 2 


2 c 

3 / 
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PROBLEM 4.99 

Knowing that the magnitude of the horizontal force P is 8 kN, 
determine the stress at (a) point A, (b) point B. 


SOLUTION 


A = (30X24) = 720 mm 2 = 720 x 10“ 6 m 2 
e = 45 - 12 = 33 mm = 0.033 m 


(a) (J A 


I = — bh 3 = — (30)(24) 3 = 34.56 x 10 3 mm 4 = 34.56 x 10" 9 m 4 
12 12 

c = 1(24 mm) = 12 mm = 0.012 m P=8xl0 3 N 

M = Pe = (8 x 10 3 )(0.033) = 264 N • m 

_P_Mi = _ 8xl0 3 _ (264X0.012) = _ 1Q2 8 x 1()6 p& 

A I 720 x 10 -6 34.56 xl0“ 9 

<j A = -102.8 MPa ◄ 


(b) 


^ + ^ = - 8 X 103 6 + ( 264 X°-° 12 9 ^ 80.6x10^ Pa 
A I 720 xlO" 6 34.56 x 10" 9 


a B = 80.6 MPa ◄ 
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PROBLEM 4.100 

A short wooden post supports a 6-kip axial load as shown. Determine the 
stress at point A when (a) b = 0, (b) b = 1.5 in., {c)b = 3 in. 


SOLUTION 



A = nr 2 = = 28.27 in 2 


I = -r 4 = — (3) 4 = 63.62 in 
4 4 


„ I 63.62 ... . 3 

S= = = 21.206 in 3 

c 3 


P = 6 kips M = Pb 

o 

II 

o 

II 


P _ 6 

-= 0.212 ksi 


A 28.27 


(b) 


b = 1.5 in. M = (6)(1.5) = 9 kip • in. 



- - — = -0.637 ksi 

28.27 21.206 


(c) 


b - 3 in. M - (6)(3) = 18 kip • in. 


a = - 


P_ 

A 


M_ 

S 


6 18 
28.27 21.206 


-1.061 ksi 


a = -212 psi A 


<j = -637 psi *4 


<j = -1061 psi <4 
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p ] 


p PROBLEM 4.101 

i 

rrl 

\ 

Two forces P can be applied separately or at the same time to a plate that is welded 



to a solid circular bar of radius r. Determine the largest compressive stress in the 



circular bar, (a) when both forces are applied, (b) when only one of the forces is 



applied. 


SOLUTION 



For a solid section, 

A = nr 2 , / = — r 4 , c - r 

4 


Compressive stress 

F Me 
^ ~ A I 



F 4 M 



~ 2 3 

nr nr 


(a) Both forces applied. 

F = 2P, M = 0 

-2P ^ 

(7= ◄ 

nr 

(b) One force applied. 

F = P, M = Pr 
F 4P 

C7 = 

nr nr 

-5 P . 

<T= ◄ 

nr 
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PROBLEM 4.102 

A short 120 x 180-mm column supports the three axial loads 
shown. Knowing that section ABD is sufficiently far from the 
loads to remain plane, determine the stress at (a) corner A, 
(. b ) corner B. 


SOLUTION 




lot" 


i \lOhN , 

L 1 I 


F*is-v-t>r> 







A = (0.120 m)(0. 180 m) = 21.6 x 10“ 3 m 2 
5 = —(0.120 m)(0. 180 m) 2 = 6.48 x 10“ 4 m 2 
M = (30 kN)(0.03 m) - (100 kN)(0.06 m) = -5.10 kN • m 

_ __P _ M _ -150 x IQ 3 N _ -5.10 x IQ 3 N • m 
aA ~ A S ~ 21.6 x 10 -3 m 2 6.48 x 10“ 4 m 3 


P_ M__ -150 x IQ 3 N -5.10 x IQ 3 N • m 
A S ~ 21.6 x 10 -3 m 2 e^xlO -4 !!! 3 


a A = 0.926 MPa ◄ 


a B = -14.81 MPa ◄ 
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SOLUTION 

For W200 x 31.3 rolled-steel shape. 


A = 3970 mm 2 = 4.000 x 10“ 3 m 2 


1 


1 


(210) = 105 mm = 0.105 m 


31.3 x 10 6 mm 4 


31.3 xl0“ 6 m 4 


(a) Centric load: 


(. b ) Ececentric loading: 


3P = 50 + 50 + 50 = 150 kN = 150 x 10 3 N 


3P 


150 xl0 J 


G = — 


3.970 x 10 


-3 


= -37.783 x 10 6 Pa = -37.8 MPa 


e = 80 mm = 0.080 m 


IP = 50 + 50 = 100 kN = 100 x 10 3 N 
M = Pe = (50 x 10 3 )(0.080) = 4.0 x 10 3 N • m 


IP 

A 


Me 

I 


100 xlO 3 (4.0 x 10 3 )(0. 105) 


3.970 x 10 


-3 


31.3x10 


-6 


-38.607 x 10° Pa 


-38.6 MPa 
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PROBLEM 4.104 

Two 10-kN forces are applied to a 20 x 60-mm rectangular bar as 
shown. Determine the stress at point A when (a) b = 0, (b) b = 15 mm, 
(c) b = 25 mm. 


SOLUTION 


I - Tot** 


/o£a> 


VoAv 





(0&A)(p.02S‘m - 1) 






A = (0.060 m)(0.020 m) = 1.2 x 10“ 3 m 2 

S = -(0.020 m)(0.060m) 2 = 12 x 10“ 6 m 3 
6 

(a) b = 0, M = (10 kN)(0.025 m) = 250 N • m 

<j a = (20 kN)/(1.2 x 10“ 3 m 2 ) - (250 N • m)/(12 x 10“ 6 m 3 ) 

= 16.667 MPa - 20.833 MPa 

( b ) b = 15 mm, M = (10 kN)(0.025 m - 0.015 m) = 100 N • m 
< 7 a = (20 kN)/(1.2 x 10" 3 m 2 ) - (100 N • m)/(12 x 10" 6 m 3 ) 

= 16.667 MPa - 8.333 MPa 

(c) b = 25 mm, M = 0: a A = (20kN)/(1.2 x 10 -3 m 2 ) 


a = -4.17 MPa ◄ 

A 


a = 8.33 MPa ◄ 

A 

a = 16.67 MPa ◄ 

A 
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PROBLEM 4.105 

Portions of a j x i-in. square bar have been bent 
to form the two machine components shown. 
Knowing that the allowable stress is 15 ksi, 
determine the maximum load that can be applied 
to each component. 


SOLUTION 

The maximum stress occurs at point B. 


where 


t b = -15 ksi = -15 x 10 3 psi 


Pec 


P Me 

CJn = 

B A I 


= -KP 


1 ec 

K = — + — e = 1 .0 in. 

A I 

A = (0.5X0.5) = 0.25 in 2 

/ = — (0.5)(0.5) 3 = 5.2083 x 10 _3 in 4 for all centroidal axes. 
12 


C 




I m 


M = P 


0 . 5 \ r\ • ■ 
H — H 



(a) 


(a) 

c = 0.25 in. 

K= — + ( 1 -°)(°- 25 ) 3= 52 m- 2 

0.25 5.2083 x 10“ 3 

p ax (-15 x IQ 3 ) 

K 52 



(b) 


P = 288 lb ◄ 


(b) c = = 0.35355 in. 

V 2 


K = 


1 


+ 


(1 ,0)(0.35355) 


0.25 5.2083 x 10 


i - 3 


= 71.882 in 


-2 


P = -^ = 

K 


(-15 x 10 3 ) 
71.882 


P = 209 lb ◄ 
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SOLUTION 


A = (24)(1 8) = 432 mm 2 = 432 x 10" 6 m 2 
I = ^(24)(18) 3 - 11.664 x 10 3 mm 4 = 11.664 x 10“ 9 m 4 

c = -(18) = 9 mm = 0.009 m 
2 

e = ^-(18) + 40 = 49 mm = 0.049 m 


On line BD , both axial and bending stresses are compressive. 


Therefore 


_P_ Mc_ 

^"max — A , 

A I 


P Pec 

1 

A / 


Solving for P gives 



80 x 10 6 Pa 

^ 1 ; (0.049 m)(0.009m) " 

v 432 x 10 _6 m 2 11.664 x 10“ 9 m 4 , 


P = 1.994 kN ◄ 
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P' 



PROBLEM 4.107 




A milling operation was used to remove a portion of a solid bar 



a 

of square cross section. Knowing that a = 30 mm, d = 20 mm, 
and cr all = 60 MPa, determine the magnitude P of the largest 
forces that can be safely applied at the centers of the ends of the 


d 

p 

bar. 


SOLUTION 


Data: 


A = ad, I = —ad 3 , c = — d 
12 2 

a d 

6 ~ 2 ~ T 

P Me P 6Ped 

cj — 1 = 1 — 

A I ad ad 5 

P 3 P(a-d) „ 1 3 (a-d) 

ad ad ad ad 

a - 30 mm = 0.030 m d = 20 mm = 0.020 m 
1 (3)(0.010) 


K = 


■ + ■ 


(0.030)(0.020) (0.030)(0.020) 


= 4.1667 xl0 3 m“ 2 


P=° = 


60 x 10 = 14.40 x10 3 N 


K 4.1667x10 


,3 


P = 14.40 kN ◄ 
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P' 


PROBLEM 4.108 

A milling operation was used to remove a portion of a solid bar of 



square cross section. Forces of magnitude P = 18 kN are applied at 
the centers of the ends of the bar. Knowing that a = 30 mm and 
\a o" a ii = 135 MPa, determine the smallest allowable depth d of the 


d 

VT p milled portion of the bar. 


SOLUTION 


A = ad . / = — ad , c = —d 

12 2 

a (/ 


Solving for d , 


cr = 


P Me _P Pec_P Pj{a-d)^d p ^Pja - d) 


A I ad I ad 1 ^3 

12 

3P 2P ,2 2 P . 

<T = — r or ad H d — 3P = 0 


ad 


ad 1 


d = 


d 2 

1 

2 ct 


ad 


l| 

2 P\ 


V a J 


+ 12 Pa - 


IP 


Data: 


a = 0.030 m, P = 18xl0 3 N, o' = 135 x 10 6 Pa 


d = 


1 


(2)(135 x 10 b ) 


(2X18 x 10 3 ) 
0.030 


-i2 


+ 12(18 x 10 3 )(135 x 10 6 ) - (2)(18 X 10 ] 


0.030 


= 16.04 x 10" 3 m 


d = 16.04 mm *4 
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PROBLEM 4.109 

The two forces shown are applied to a rigid plate supported by a steel pipe of 8-in. 
outer diameter and 7-in. inner diameter. Determine the value of P for which the 
maximum compressive stress in the pipe is 15 ksi. 
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PROBLEM 4.110 

An offset h must be introduced into a solid circular rod of 
diameter d. Knowing that the maximum stress after the offset 
is introduced must not exceed 5 times the stress in the rod 
when it is straight, determine the largest offset that can be 
used. 


SOLUTION 


For centric loading, o c ~ — 

A 


For eccentric loading, 

° e A + 

Given 

$ 

ii 

$ 


P Phc r P 

— + = 5— 

A I A 


Phc A P 
= 4— 


I A 



h = 0.500 ◄ 
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d 

I 


PROBLEM 4.111 

F 


n 


t 

I 

h 

An offset h must be introduced into a metal tube of 0.75-in. outer 
diameter and 0.08-in. wall thickness. Knowing that the maximum 
stress after the offset is introduced must not exceed 4 times the 

P' 

1 

P stress in the tube when it is straight, determine the largest offset 


t 

d 


that can be used. 


SOLUTION 


For centric loading, 
For eccentric loading, 


c = —d = 0.375 in. 

2 

c, = c - t = 0.375 - 0.08 = 0.295 in. 

A = n[c 2 - q 2 ) = ;r(0.375 2 - 0.295 2 ) 
= 0.168389 in 2 

I = ^(c 4 - q 4 ) = ^(0.375 4 - 0.295 4 ) 

= 9.5835 xl0“ 3 in 4 

_ P_ 

:en ~~ A 

P_ + Phc 


he 

T 


4<x„ 


_3_ 


P Phc A P 

or — + = 4— 

J J 

_ 3/ _ (3)(9.5835 x 10~ 3 ) 

~ Ac ~ (0.168389)(0.375) 


h = 0.455 in. A 
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PROBLEM 4.112 

A short column is made by nailing four 1 x 4-in. planks to a 4 x 4-in. timber. Using 
an allowable stress of 600 psi, determine the largest compressive load P that can be 
applied at the center of the top section of the timber column as shown if (a) the 
column is as described, ( b ) plank 1 is removed, (c) planks 1 and 2 are removed, 
(< d) planks 1, 2, and 3 are removed, ( e ) all planks are removed. 


SOLUTION 


( a ) Centric loading: 



777 


/ 

/ 

c/ 

'/// 

/ 





P 

M = 0 (j — — 

A 

A = (4x4) + 4(1X4) = 32 in 2 

cr = — P = (0.600 ksi)(32 in 2 ) 

A 

= 19.20 kips 


(b) Eccentric loading: 

, , D P Pec 

M = Pe <t = H 1 

A I 

A = (4)(4) + (3)(l)(3) = 28 in 2 e = v 

Zj Z= (l)(4)(2.5) =( , 35714in 
A 28 


2.5i 


V . 


EZZ 


t^ZZZ 


,Y t4.A.. 


/ = E(7 + Ad 2 ) 

= — (6)(4) 3 + (6)(4)(0.35714) 2 + — (4)(1) 3 + (4)(1)(2. 14286) 2 = 53.762 in 4 


a 


= P 


'\ _ + ££^ 
,A + I j 


(0.600 ksi) 

J_ (0.35714)(2.35714) 
28 53.762 


1 1.68 kips 


(c) 


Centric loading: 

Co m. 

k 


*4 



M = 0 


cr 


P_ 

~A 


A = (6X4) = 24 in 2 
P = (0.600 ksi)(24) = 14.40 kips 


◄ 


◄ 


◄ 
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PROBLEM 4.112 (Continued) 


(i d) Eccentric loading: 


( e ) Centric loading: 

4 ir\. 


4 in. 



M = Pe 


P Pec 


x = 2.5 - 2 = 0.5 in. 


I = — (4)(5) 3 = 41.667 in 4 
12 


(0.600 ksi) 



in. 


A JL 


1 , (0-5X2.5) 
20 41.667 


7.50 kips 


M = 0 


cr = - 


P_ 

A 


A = (4X4) = 16 in 2 
P = (0.600 ksi)( 16.0 in 2 ) = 9.60 kips 
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Section a-a 


PROBLEM 4.113 

A vertical rod is attached at point A to the cast 
iron hanger shown. Knowing that the allowable 
stresses in the hanger are cr all = +5 ksi and 
cr all = -12 ksi, determine the largest downward 
force and the largest upward force that can be 
exerted by the rod. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


564 


PROBLEM 4.113 (Continued) 


Upward force. 


UPlvftvn FoatLG' 



M = P(1.5 in. + 1.70 in.) = (3.20 in.)P 


At D\ <j d 


P Me 

~A~~T 


P (3.20)P(1.70) 

7.5 10.825 

-12 = P(-0.6359) 


At E: 


<?E 


P Me 

= +— + 

A I 


ksj = J^ + (3.20)P(2,30) 
7.5 10.825 

+5 = P(+0.5466) 


We choose the smaller value. 


P = 18.87 kips t 


P = 9.15 kips T 
P = 9.15 kips T A 
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Section a-a 


PROBLEM 4.114 

Solve Prob. 4.113, assuming that the vertical 
rod is attached at point B instead of point A. 

PROBLEM 4.113 A vertical rod is attached at 
point A to the cast iron hanger shown. Knowing 
that the allowable stresses in the hanger are 
(Jan = +5 ksi and <r a n = -12 ksi, determine the 
largest downward force and the largest upward 
force that can be exerted by the rod. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


566 


PROBLEM 4.114 (Continued) 


Upward force . 


UPWfifrD o 



AtZ): 


cr a u = +5 ksi (T a n = -12 ksi 
M = (2.30 in. + 1.5 in.)P = (3.80 in.)P 
P Me 

a ° ~ + ~T 

iksi = -^ + (3 - 80)P(L70) 

7.5 10.825 

5 = P(+0.4634) 


At < j e 


P Me 
A I 


, k „. P (3.80)P(2.30) 
7.5 10.825 

-12 = P(-0.9407) 


We choose the smaller value. 


P = 10.79 kips t 


P = 12.76 kips t 
P = 10.79 kips t ◄ 
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PROBLEM 4.115 (Continued) 



e = 32 + 8.914 = 40.914 mm = 0.040914 m 


M = Pe = (400 N)(0.040914 m) = 16.3656 N • m 


(a) Point 4: 

_P_ Me 400 (16.3656X8.914 x 10~ 3 ) 

A ~ A I 92.566 x 1(T 6 3.374 x 10" 9 

= 4.321 x 10 6 + 43.23 x 10 6 = 47.55 x 10 6 Pa cr A = 47.6 MPa ◄ 


(. b ) Point B\ 

_P Me _ 400 (16.3656X11.086) 

° B ~ A 1 92.566 x 10“ 6 3.374 x 10“ 9 

= 4.321 x 10 6 - 53.72 x 10 6 = -49.45 x 10 6 Pa a B = -49.4 MPa ◄ 


(c) Neutral axis: 



NJFT 





i 




By proportions, 

a _ 20 

47.55 ~ 47.55 + 49.45 
a = 9.80 mm 


9.80 mm below top of section A 
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^ P 

PROBLEM 4.116 




The shape shown was formed by bending a thin steel plate. Assuming that the 



thickness t is small compared to the length a of a side of the shape, determine the 




stress (< a ) at A, ( b ) at B , (c) at C. 






B 






»c 

A 

A 
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p 


PROBLEM 4.117 



50 


Three steel plates, each of 25 x 150-mm cross section, are welded 
together to form a short H-shaped column. Later, for architectural 
reasons, a 25-mm strip is removed from each side of one of the 
flanges. Knowing that the load remains centric with respect to the 
original cross section, and that the allowable stress is 100 MPa, 
determine the largest force P ( a ) that could be applied to the original 
column, ( b ) that can be applied to the modified column. 


SOLUTION 

p 

(a) Centric loading: o = 

A 

A = (3)(1 50X25) = 1 1 .25 x 1 0 3 mm 2 = 1 1 .25 x 1 0" 3 m 2 
P = -a A = -(-100 x 10 6 )(1 1.25 x 10" 3 ) 

= 1.125 xl0 6 N P = 1125 kN ◄ 

(b) Eccentric loading (reduced cross section): 


^ i 




cA Pc>i rx.'t' 


VA/elo 






r 


27. S 




& 7- SVnH'i 




l 



A, 1 0 3 mm 2 

y, mm 

Ay (10 3 mm 3 ) 

<7, mm 

© 

3.75 

87.5 

328.125 

76.5625 

© 

3.75 

0 

0 

10.9375 

® 

2.50 

-87.5 

-218.75 

98.4375 

E 

10.00 


109.375 



f - - 109-375 x IQ 3 

ZA 10.00 xlO 3 


10.9375 mm 
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PROBLEM 4.117 (Continued) 


The centroid lies 10.9375 mm from the midpoint of the web. 


/, = + A x d( = ^(150)(25) 3 + (3.75 x 10 3 )(76.5625) 2 = 22.177 x 10 6 mm 4 

h = ~^ b 2 h 2 + A 2 d 2 = ^(25)(150) 3 + (3.75 x 10 3 )(10.9375) 2 = 7.480 x 10 6 mm 4 

I 3 = ~ b 3 b 3 + A 3 d 3 = ^(100)(25) 3 + (2.50 x 10 3 )(98.4375) 2 = 24.355 x 10 6 mm 4 

/ = /,+/,+ / 3 = 54.012 x 10 6 mm 4 = 54.012 x 10“ 6 m 4 

c = 10.9375 + 75 + 25 = 1 10.9375 mm = 0.1 109375 m 
M = Pe where e = 10.4375 mm = 10.4375 x 10 _3 m 


<7 


K 

P 


P_ 

'~A 


Me 

~T 


1 ec 


P_ 

7 

1 


Pec 


= -KP 


A = 10.00 xl0“ 3 m 2 


(101.9375 xl0" 3 )(0.1 109375) 


10.00 x 10 


-3 


+ 


54.012 x 10 


,-6 


122.465 m 


-2 


(j- _ (-100 X 10 b ) 

K ~ 122.465 


817 x 10 3 N 


P = 817 kN ◄ 
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(a) (b) 


PROBLEM 4.118 

A vertical force P of magnitude 20 kips is applied 
at point C located on the axis of symmetry of the 
cross section of a short column. Knowing that 
y = 5 in., determine (< a ) the stress at point A, 
(. b ) the stress at point B , (c) the location of the 
neutral axis. 


SOLUTION 

Locate centroid. 


Part 

A, in 2 

y, in. 

Ay, in 3 

_ ZAy 76 


12 

5 

60 

} ~ ZA ~ 20 

© 

8 

2 

16 


i 

20 


76 



Eccentricity of load: e = 5 - 3.8 = 1.2 in. 

/, = ^(6)(2) 3 + (12)(1.2) 2 = 21.28 in 4 I 2 = ^-(2)(4) 3 + (8)(1.8) 2 = 36.587 in 4 
/ = /, + / 2 = 57.867 in 4 
(a) Stress at A: c A = 3.8 in. 


P Pec A 20 20(1.2)(3.8) 


<7 a — 1 — h 


A I 


20 57.867 


(. b ) Stress at B: c B = 6 - 3.8 = 2.2 in. 


P Pec B _ 20 20(1 ,2)(2.2) 


h 

A I 


20 57.867 


a a = 0.576 ksi -4 


= -1.912 ksi A 


P Pea ea 1 

(c) Location of neutral axis: o = 0 cr = h = 0 .'. — = — 

A I I A 

I 51 Ml 

a = — = = 2.411 in. 

(20)(1.2) 

Neutral axis lies 2.41 1 in. below centroid or 3.8 - 2.41 1 = 1.389 in. above points. 

Answer: 1.389 in. from point A A 
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SOLUTION 





Locate centroid. 

A, in 2 

y, in. 

Ay, in 3 

_ I 'Ay, 76 „ 0 . 

y = = = 3.8 in. 

Z4 20 

© 

12 

5 

60 

© 

8 

2 

16 


i 

20 


76 


Eccentricity of load: e = 

■ y - 3.8 in. y - e + 3.8 in. 



h = 

~(6)(2) 3 + (12)(1.2) 2 = 21.28 in 4 I 2 = 2 

(2)(4) 3 + (8)(1.8) 2 = 36.587 in 4 

I = 

Ii+I 2 = 57.867 in 4 



If stress at A equals zero, 

c A =3.8 in. 





P Pec A 

<j A = + = 0 

A A I 

ii 



I 

57 0/2^7 

J/.OO/ _ n ~ o _ A • 


Ac a (20)(3.8) 

ill. y — 

. / V7 1 1 U.D — T.JU1 111. 

If stress at B equals zero, 

c B = 6 - 3.8 = 

= 2.2 in. 




«? 

ii 

i 

^ I "a 

i 

to 

II 

O 

i 

ii 



/ 

57.867 

-1.315 in. 



1 

1 

1 

j 

(20X2.2) ' 



y = -1.315 + 3.8 = 2.485 in. 






Answer: 2.49 in. < y < 4.56 in. A 
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PROBLEM 4.120 

The four bars shown have the same cross-sectional area. For the given 
loadings, show that ( a ) the maximum compressive stresses are in the 
ratio 4:5:7:9, ( b ) the maximum tensile stresses are in the ratio 2:3 :5:3. 
{Note: the cross section of the triangular bar is an equilateral triangle.) 
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PROBLEM 4.120 (Continued) 
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PROBLEM 4.121 

An eccentric force P is applied as shown to a steel bar of 
25x90-mm cross section. The strains at A and B have been 
measured and found to be 

s A = +350 ju s B - -70 ju 

Knowing that E = 200 GPa, determine (a) the distance d , ( b ) the 
magnitude of the force P. 


SOLUTION 


h = 15 + 45 + 30 = 90 mm b- 25 mm 


c = —h = 45 mm = 0.045 m 
2 


A = bh- (25)(90) = 2.25 x 10 3 mm 2 = 2.25 x 10 3 m 2 

I = —bh 3 =— (25Y90) 3 =1.51875xl0 6 mm 4 = 1.51875 x 10 _6 m 4 
12 12 

y A =60-45 = 15 mm = 0.015 m y B =15 -45 = -30 mm = -0.030 m 


Stresses from strain gages at A and B\ <j a - Es A = (200 x 10 )(350 x 10 ) = 70 x 10 Pa 

a B =Es b = (200 x 1 0 9 )(-70 x 1 0 -6 ) = -14 x 1 0 6 Pa 


^ _P My A 

A A I 


P My B 


( 1 ) 

( 2 ) 


Subtracting, 


O' A CJ n — 


M(y A -y B ) 


M = - ElA = _ (1-51875x10 )(84x 10 ) _ _ 2g3g N . m 


y A -y B 


0.045 


Multiplying (2) by y A and (1) by y B and subtracting, y A a B - y B a A = (y A - y B )— 

A 


p zIbJa) _ (2.25 x 10 )[(Q.Q15)(-14 x 10°) - (-0.030)(70 x 10 )] ^ 5xlQ 3 N 


y A — y B 


0.045 


(a) M = -Pd d = -— = = 0.030 m 

P 94.5 xlO 3 

(b) 


d = 30.0 mm A 
P = 94.5 kN ◄ 
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90 mm 


30 mm 



15 mm 


PROBLEM 4.122 

Solve Prob. 4.121, assuming that the measured strains are 

s A = +600 ju s B = +420 ju 

PROBLEM 4.121 An eccentric force P is applied as shown to a 
steel bar of 25 x 90-mm cross section. The strains at A and B have 
been measured and found to be 


s A = +350// 


s B = -70// 


Knowing that E = 200 GPa, determine (a) the distance <7, (6) the 
magnitude of the force P. 


SOLUTION 


h = 15 + 45 + 30 = 90 mm b = 25 mm c = — h = 45 mm = 0.045 m 

2 

A = bh = (25X90) = 2.25 x 1 0 3 mm 2 =2.25x1 0 -3 m 2 

/ = — M 3 =— (25)(90) 3 =1.51875xl0 6 mm 4 =1.51875xl0 _6 m 4 
12 12 

= 60-45 = 15 mm = 0.015 m y B = 15 — 45 = -30 mm = -0.030 m 
Stresses from strain gages at A and B : a A = Es A = (200 x 1 0 9 )(600 x 1 0~ 6 ) = 1 20 x 1 0 6 Pa 


<j b =Es b = (200 x 1 0 y )(420 x 1 0 -6 ) = 84 x 1 0 b Pa 


P My A 


<Ja=-~- 


_ P My 

as ~A 7 


B 


( 1 ) 

( 2 ) 


Subtracting, 


M (y A ~}’b ) 


M = 


Ijojj-oj) (1.51875xl0~ 6 )(36xl0 6 ) 

y A -y B °- 045 


-1215 N • m 


Multiplying (2) by y A and (1) by y B and subtracting, y A o B - y B a A = (y A - y B )— 

A 

p _ A(y A a B - y B a A ) _ (2,25 x 1Q- 3 )[(0.015)(84 x IQ 6 ) - (-0.030)(120x IQ 6 )] _ ^ ;; 1q3n 


y a~ y b 


0.045 


(a) M = -Pd d = -— = ^ T = 5xl0 3 m 

P 243 xlO 3 

(b) 


d = 5.00 mm A 
P = 243 kN ◄ 
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PROBLEM 4.123 

The C-shaped steel bar is used as a dynamometer to determine the magnitude P 
of the forces shown. Knowing that the cross section of the bar is a square of side 
40 mm and that strain on the inner edge was measured and found to be 450//, 
determine the magnitude P of the forces. Use E = 200 GPa. 


SOLUTION 

At the strain gage location, 

a = Es = (200 X 10 9 )(450 x 10“ 6 ) = 90 x 10 6 Pa 
A = (40)(40) = 1600 mm 2 = 1600 x 10“ 6 m 2 

/ = J-(40)(40) 3 = 213.33 x 10 3 mm 4 = 213.33 x 10“ 9 m 4 

e = 80 + 20 = 100 mm = 0.100 m 

c = 20 mm = 0.020 m 

P Me P Pec 
a = — + = — + = KP 

A I A I 

„ 1 ec 1 (0.100)(0.020) in3 _ 2 

K = — + — = 7 " + — tt = 10.00 x 10 m 

A I 1600 xl0“ 6 213.33 xlO -9 

P = — = 90x10 . = 9.00 x 10 3 N P = 9.00 kN ◄ 

K 10.00 x 10 3 
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■ 10 in. - 



z 


A = 10.0 in 2 
I z = 273 in 4 


PROBLEM 4.124 

A short length of a rolled-steel column supports a rigid plate 
on which two loads P and Q are applied as shown. The strains 
at two points A and B on the centerline of the outer faces of the 
flanges have been measured and found to be 

s A = -400 xl0“ 6 in./in. s B = -300 x 1CT 6 in./in. 

Knowing that E - 29 x 10 6 psi, determine the magnitude of 
each load. 


SOLUTION 



A — 10.0 in 2 
l t = 273 in 4 


x 


Stresses at A and B from strain gages: 

<7 a = Es a = (29 x 1 0 6 )(-400 x 1 0 -6 ) = -11.6xl0 3 psi 
<7 b =Es b =(29xl 0 6 )(-300 x 1(T 6 ) = -8.7x1 0 3 psi 
Centric force: F = P + Q 

Bending couple: M = 6P-6Q 

c — 5 in. 

_F_ Me _ P + Q (6P-6QX 5) 

A + I 10.0 + 273 

-1 1.6 x 10 3 =+0.00989P- 0.209890 

F Me P + Q (6P-6QXS) 

A I 10.0 273 

-8.7 x 10 3 = -0.20989P - 0.009890 


Solving (1) and (2) simultaneously, 

P = 44.2 x 10 3 lb = 44.2 kips 


0 = 57.3xlO 3 lb = 57.3 kips 


( 1 ) 

( 2 ) 

◄ 

◄ 
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y 


PROBLEM 4.125 



4 

A single vertical force P is applied to a short steel post as shown. 


z 

T ^ 

Gages located at A, B, and C indicate the following strains: 




s A = -500 ju s B = -1000 ju 8 C = -200 ju 

A 


-t" 4 

c 6 

Knowing that E = 29 x 10 psi, determine (a) the magnitude of 




P, ( b ) the line of action of P, (c) the corresponding strain at the 

5 in. 


3im hidden edge of the post, where v = -2.5 in. and z = -1.5 in. 


SOLUTION 


/, = ^-(5)(3) 3 = n - 25 in4 h = ^-(3)(5) 3 = 31.25 in 4 A = (5)(3) 

= 15 in 2 

M x = Pz M z = -Px 

x A = -2.5 in., x B = 2.5 in., x c = 2.5 in., x D = -2.5 in. 
z^ = 1.5 in., z B = 1.5 in., z c = -1.5 in., z D = -1.5 in. 
a A = Es a = (29 x 10 6 )(-500 x 10" 6 ) = -14,500 psi = -14.5 ksi 
cj b = Es b = (29 x 10 6 )(-1000 x 10" 6 ) = -29, 000 psi = -29 ksi 
<7 C = Es c = (29 X 10 6 )(-200 x 10“ 6 ) = -5800 psi = -5.8 ksi 


a p M x z a + M z*a = 0Q6667P 0.13333M, 0.08M Z 

A I x I z 

(1) 

(j R = P M * z b + M z x b = 0.06667 P 0.13333M + 0.08M 

A I x I z 

(2) 

a c = P M * Zc + Mz%c = 0.06667P + 0.13333M, + 0.08M Z 
A I x I z 

(3) 

Substituting the values for cr A , cr B , and cr c into (1), (2), and (3) and solving the simultaneous equations 
gives 

M x = 87 kip • in. M z = -90.625 kip • in. 

(a) P = 152.3 kips -4 

M z _ -90.625 

P 152.25 

(i b ) x = 0.595 in. ◄ 

M x _ 87 

P 152.25 

z = 0.571 in. ◄ 

a n = P M x z d _j_ M z x d _ qx>6661 P + 0.13333M 0.08M Z 

A I x I z 


= -(0.06667)(152.25) + (0.13333X87) - (0.08)(-90.625) = 8.70 ksi 


(c) Strain at hidden edge: s = x 

E 29 x 10 6 

s = 300 n 4 
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PROBLEM 4.126 

The eccentric axial force P acts at point D , which must be located 
25 mm below the top surface of the steel bar shown. For P = 60 kN, 
determine ( a ) the depth d of the bar for which the tensile stress at 
points is maximum, ( b ) the corresponding stress at points. 


SOLUTION 


A = bd 



I = —bd 3 

12 

1 . 

e=— d -a 
2 

Pec 

I 



P_ j_4 _ 6a\ 
b\d d 2 j 


(a) Depth d for maximum cr A : Differentiate with respect to d. 


dOj_ 

dd 



= 0 


d - 2a 


(b) 


60xlQ 3 j 4 
40xl0 -3 1 75xl0“ 3 


(6)(25xlO- 3 )| = 4o x iQ 6 pa 

(75x1 O' 3 ) 2 J 


d =75 mm A 
<j a = 40 MPa A 
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PROBLEM 4.127 

The couple M is applied to a beam of the cross section shown in a plane 
forming an angle f3 with the vertical. Determine the stress at ( a ) point A, 
( b ) point B , (c) point D. 


SOLUTION 


/ =—(80)(32) 3 =218.45 xlO 3 mm 4 = 218.45 x 10“ 9 m 4 

z 12 v 

1 y = ^(32)(80) 3 = 1.36533 xlO 6 mm 4 = 1.36533 xlO" 6 m 4 

y A =y B =-yD = 16mm 

z A = -z B = —z D = 40 mm 


M y = 300 cos 30° = 259.81 N • m M z = 300sin30° = 150 N • m 

__M I y A M y z A _ (150)(16xl0^ 3 ) (259.81)(40xl0^ 3 ) 

A ~ I z I y 218.45 x 10~ 9 1.36533 xlO -6 

= -3.37 x 10 6 Pa 

__M z y A _ M y z g _ (1 50)(1 6x1 Q~ 3 ) (259.81)(-40xlQ~ 3 ) 

7b ~ I z I y ~ 218.45 x 10 -9 1.36533 xlO -6 

= -18.60xl0 6 Pa 


M 2 y D MyZp_ _ (150)(— 16xlQ~ 3 ) (259.81)(-40xlQ~ 3 ) 

I z I y ~ 218.45 xlO^ 9 1.36533 xlO^ 6 

= 3.37 x 10 6 Pa 


a A = -3.37 MPa ◄ 


<j b = -18.60 MPa ◄ 


a D =3.37 MPa ◄ 
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y 


PROBLEM 4.128 

P = 30° 




A 


B The couple M is applied to a beam of the cross section shown in a plane 

T\ 



M = 400 lb • m forming an angle p with the vertical. Determine the stress at ( a ) point A, 

0.6 in. 
z | 

\ 

/ 

(i b ) point B , (c) point D. 

z t 

0.6 in. 

c 



1 



D 


0.4 in. 


SOLUTION 


(a) 

(b) 

(c) 


I z =^(0.4)(1.2) 3 =57.6xl0 -3 in 4 
I y = ^(1.2)(0.4) 3 =6.40x10 3 in 4 

y A =yB=-yD=°- 6in - 

z A = -z B = -z D = (Tj(0.4) = °- 2 in - 
M y = 400 cos 60° = 200 lb • in., M z = -400 sin 60° = -346.41 lb • in. 


M z y A 

, M y z A 

(-346.41)(0.6) 

, (200)(0.2) 

h 

h 

57.6 xl0“ 3 

6.40 xlO -3 



= 9.86 xlO 3 psi = 9 

.86 ksi 

M z y B 

M y z B 

(-346.41)(0.6) 

, (200)(-0.2) 

h 

h 

57.6 xlO -6 

6.4x1 0 -3 



= -2.64 xlO 3 psi = 

-2.64 ksi 

m -Jd 

M y Z D 

(-346.4 1)(-0.6) ! (200)(-0.2) 

T 

h 

57.6x10 

6.40 x 10 



= -9.86xl0 3 psi = 

-9.86 ksi 


◄ 


◄ 


◄ 
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SOLUTION 

Locate centroid. 



A, in 2 

z, in. 

Az , in 3 


16 

-i 

-16 

© 

8 

2 

16 

E 

24 


0 


The centroid lies at point C. 


/ z =^(2)(8) 3 +^(4)(2) 3 =88 in 4 

I y = ~(8)(2) 3 +j(2)(4) 3 =64 in 4 
y A =-y B = l in., y D =- 4 in. 

z a= z b =~ 4 in-, Zd=° 

M z =10 cos 20° = 9.3969 kip -in. 

M y =10 sin 20° = 3.4202 kip in. 

(a) 

(*) 

(c) 


, m , z a . (9-3969X1) [ (3.4202)(-4) 

I z ly 88 64 

KZb , M . z B (9.3969X-1) t (3.4202X-4) 

7 Z I y 88 64 

y_p , (9.3969)(-4) | (3.4202)(0) 

L I,, 88 64 



c 7 a = 0.321 ksi 
a B = -0.107 ksi A 
a D = 0.427 ksi A 
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SOLUTION 


M z = -60 sin 40° = -38.567 kip • in. 
M y = 60 cos 40° = 45.963 kip • in. 

y A =yB = -yD = 3 in - 


= ~ z b = ~ z d = 5 in - 


/ z =- i -( 10 )( 6) 3 -2 


f (1)2 


= 178.429 in 4 


_ 1 
' y ~l2 


I v =7r(6)(10) 3 -2 


4(1) 4 +^(1) 2 (2.5) 2 


= 459.16 in 4 


(a) 


M z y A , M y z A (-38.567X3) , (45.963)(5) 

a = 1 = b- 


178.429 
= 1.149 ksi 


459.16 


(b) 


On =“ 


M z y B , M y z B 


(-38.567)(3) (45.963)(-5) 


178.429 
= 0.1479 


459.16 


(c) 


O n =~ 


M z y D , M y z D 


(-38.567X-3) (45.963)(-5) 


178.429 


459.16 


= -1.149 ksi 


<j a =1.149 ksi A 


<j b = 0.1479 ksi ^ 


<j d = -1.149 ksi ^ 
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PROBLEM 4.132 

The couple M is applied to a beam of the cross section shown in a 
plane forming an angle p with the vertical. Determine the stress at 
(a) point A, ( b ) point B , (c) point D. 


SOLUTION 


l-_ = ~(4-8)(2.4) 3 -^-(4)(1.6) 3 =4.1643 in 4 
Iy= li (2 - 4)(4 ' 8)3 -^( L6 X 4 ) 3 =13-5851 in 4 

y A =y B =~y D =1 - 2 in - 

z .4 =~ z b =~ z d= 1a in - 
M z =75sinl5° = 19.41 14 kip- in. 

M y = 75 cos 15° = 72.444 kip • in. 

M 2 y A [ M y z A (19.4114X1.2) < (72.444X2.4) 

L I v 4.1643 13.5851 

z y 


M, y_B , _ (19.4114X1.2) < (72.444)(-2.4) 

I z I y 4.1643 13.5851 

Kyp , (19.41 14X-1.2) | (72.444X-2.4) 

I z I y 4.1643 13.5851 


a A = 7.20 ksi 
<j b = -18.39 ksi A 
ct d = —7.20 ksi -4 
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SOLUTION 


71 4 

I = — r - 


i-A 

Nr Y 

r n 

00 

U J 

v3 n) 

OO 

1 


= (0.109757)(20) =17.5611x10 mm 4 =17.561 lx 10“ y m 4 
r, r(20) 4 


^4 

/ v =— r 

> o 


8 


: 62.832 x 10“ 3 mm 4 = 62.832 x 10“ 9 m 4 


4 r (4X20) 

y A =y D =-— = — “ = -8-4883 mm 

3 n 3 n 

y B =20-8.4883 = 11.5117 mm 
= — z D = 20 mm z B = 0 

M z = 100cos30° = 86.603 N • m 
M = 100sin30° = 50N-m 


(a) 


0 b) 


(c) 


<y a = — 


- MiZa 


M„z a 


zs A 

h 

+ 7 " 

h 

M -y B 

M y Z B 

+ 

J 

L, 

z 

y 

M z yD 

M y Z D 

h 

h 


(86.603)(-8.4883 x 10" 3 ) (50)(20 x 10" 3 ) 


17.5611 xl0“ 9 


57.8 x 10 6 Pa 


(86.603X11.5117 x!0~ 3 ) 
17.561 1 x 10“ 9 


62.832 x 10“ 


(50X0) 

62.832 x 10“ 9 


= -56.8 x 10° Pa 


(86.603X-8.4883 x 10" 3 ) (50)(-20 x 10 3 ) 


17.5611x10 


,-9 


62.832 x 10 


,-9 


= 25.9 x 10° Pa 


cr, = 57.8 MPa ◄ 


a R = -56.8 MPa ◄ 


a D = 25.9 MPa ◄ 
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W310 X 38.7 15 ° 

fi 

PROBLEM 4.134 


The couple M is applied to a beam of the cross section shown in a plane 

ul \ 

forming an angle (3 with the vertical. Determine the stress at 

^ / W ^ 310 mm 

t\ c \ 

( a ) point A, ( b ) point B , (c) point D. 

M = 16 kN • m \ \ \ 




v 165 mm 
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PROBLEM 4.135 

The couple M acts in a vertical plane and is applied to a beam oriented 
as shown. Determine (a) the angle that the neutral axis forms with the 
horizontal, ( b ) the maximum tensile stress in the beam. 


SOLUTION 

For S6xl2.5 rolled steel shape, 


I z = 22.0 in 4 
/ = 1.80 in 4 


1 


z E =-z A =-z B =z D =-(3.33) = 1.665 in. 

yA=yB= -yD = -ys = ^( 6 ) = 3 in - 

M z = 15 sin 20° = 5.1303 kip - in. 

M y = 15 cos 20° = 14.095 kip • in. 

(a) tan d> = — tan 6 = tan (90° - 20°) = 33.58° 

I y 1.80 

(j> = 88.29° 

a = 88.29° -70° = 18.29° 

(. b ) Maximum tensile stress occurs at point D. 

(5.1303)(-3) (14.095X1.665) 



M z y D , MyZ D 


22.0 


- + - 


1.80 


13.74 ksi 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


591 



PROBLEM 4.136 

The couple M acts in a vertical plane and is applied to a beam oriented as 
shown. Determine (a) the angle that the neutral axis forms with the 
horizontal, ( b ) the maximum tensile stress in the beam. 
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SOLUTION 

I z , = 176.9 x 10 3 mm 4 = 176.9 x 10" 9 m 4 
Iy = 281 X 10 3 mm 4 = 281 x 10" 9 m 4 
y' E = —18.57 mm, z E = 25 mm 
M z , = 400 cos 30° = 346.41 N • m 
M y , = 400 sin 30° = 200 N • m 

(a) tan ip = ^tan6> = 176,9 X 10 Q • tan30° = 0.36346 

I y , 281 x 10 -9 

q> = 19.97° 

a = 30° -19.97° a = 10.03° ◄ 

( b ) Maximum tensile stress occurs at point E. 

_ My/z _ (346.41)(-18.57 x 10~ 3 ) (200)(25 x 10~ 3 ) 

Ge ~ /,. Iy ~ 176.9 xl0“ 9 281 xlO -9 

= 36.36 x 10 6 + 17.79 x 10 6 = 54.2 x 10 6 Pa 

u E = 54.2 MPa ◄ 
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SOLUTION 


I z , =21.4 in 4 I y ,= 6.74 in 4 

z 'a =z' b =0.859 in. z D =-4 + 0.859 in. = -3.141 in. 

y A =- 4 in. }’ K = 4 in. y D , = -0.25 in. 

M y , =-15 sin 45° = -10.6066 kip -in. 

M z . = 15 cos45° = 10.6066 kip -in. 


(a) Angle of neutral axis: 


tan ( P = ~~ tan 6 = 


21.4 

tan (-45°) = 3.1751 

6.74 


v/ 



(p = -12.5° 
a = 72.5° -45° 


a = 21. 5° ◄ 


(6) The maximum tensile stress occurs at point D. 

M z y D _ _ (10.6066X-0.25) , (- 1 0. 6066)(-3 .141) 

rx. . — + — + 

I z ly 21.4 6.74 

= 0.12391 + 4.9429 a D = 5.07 ksi ◄ 
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PROBLEM 4.139 

The couple M acts in a vertical plane and is applied to a beam 
oriented as shown. Determine (a) the angle that the neutral 
axis forms with the horizontal, ( b ) the maximum tensile stress 
in the beam. 
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PROBLEM 4.141 

The couple M acts in a vertical plane and is applied to a beam oriented 
as shown. Determine the stress at point Z. 


I y = 1.894 X 10 6 mm 4 
l z = 0.614 X 10 6 mm 4 
I.„ = +0.800 X 10 6 mm 4 

yz 


SOLUTION 

Using Mohr’s circle, determine the principal axes and principal moments of inertia. 

Y: (1.894, 0.800) xlO 6 mm 4 
Z: (0.614, 0.800) xlO 6 mm 4 
E: (1.254, 0)xl0 6 mm 4 



■fi 


R = \IEF 2 +FZ 2 


: Vo.640 2 + 0.800 2 xlO" 6 


: 1.0245 xlO 6 mm 4 


7 V =(1.254 -1.0245) xlO 6 mm 4 =0.2295 xlO 6 mm 4 =0.2295 xl0" 6 m 4 
/„ =(1.254 + 1.0245) xlO 6 mm 4 =2.2785 xlO 6 mm 4 =2.2785 xl0“ 6 m 4 


tan 26> = 


FZ 0.800 x 10 


= 1.25 <9 =25.67° 


FE 0.640 xlO 6 
M v = M cos 6 m = (1 .2 x 1 0 3 ) cos 25.67° = 1.0816 xl0 3 N-m 

M u = —M sin 6 m =-(1.2xl0 3 )sin 25.67° = -0.5198xl0 3 N-m 
u a = Ya cos ~ 2 a s i n = ^5 cos 25.67° - 45 sin 25.67° = 21.07 mm 

v A = z A cos 6 m + y A sin 0 m = 45 cos 25.67° + 45 sin 25.67° = 60.05 mm 




■*4 t ^£uY4 


(1 .08 1 6 x 1 0 J )(2 1 .07 x 1 0 _J ) (-05198x100(60. 05 x 1 0 -3 ) 


0.2295x10“ 


2.2785x10 


-6 


U13.0xl0 Pa 


<j a =113.0 MPa ◄ 
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A 

z i 

y 

PROBLEM 4.142 


T The couple M acts in a vertical plane and is applied to a beam oriented as 

2 ' 4 x m ' shown. Determine the stress at point A. 

c 

r 

2.4 in. 

t 

M = 125 kip • in. 


2.4 in. 

— i 

2.4 in. 

t 



2.4 in. 

2.4 in. 


SOLUTION 

I y = 2 j-t(7.2)(2.4) 3 j = 66.355 in 4 

/ z = 2|^-(2.4)(7.2) 3 + (2.4)(7.2)(1.2) 2 | = 199.066 in 4 
I y2 = 2{(2.4)(7.2)(1.2)(1.2)} = 49.766 in 4 

Using Mohr’s circle, determine the principal axes and principal moments of inertia. 

7: (66.355 in 4 , 49.766 in 4 ) 

Z: (199.066 in 4 , -49.766 in 4 ) 

E: (132.710 in 4 , 0) 
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PROBLEM 4.142 (Continued) 


tan 20 m 


DY_ 49.766 
~DE ~ 66.355 
36.87° 0 m =18.435° 


R = \IdE 2 +ZxF = 82.944 in 4 
/„ =132.710-82.944 = 49.766 in 4 
7 V = 132.710 + 82.944 = 215.654 in 4 




M u =125 sin 18.435° = 39.529 kip -in. 
M v = 125cosl8.435° = 1 18.585 kip -in. 


u A = 4.8 cos 18.435° + 2.4 sin 18.435° = 5.3 126 in. 
v A = -4.8 sin 18.435° + 2.4 cos 18.435° = 0.7589 in. 


= 


v n _| u /i 

K In 

(118.585X5.3126) (39.529)(0.7589) 

215.654 49.766 


= -2.32 ksi 


(7 a = -2.32 ksi -A 
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0.75 in. , 


I ' C 
M = 60 kip • in. 


1.08 in. 


2.08 in. 


6 in. 


- 0.75 in 


PROBLEM 4.143 

The couple M acts in a vertical plane and is applied to a beam oriented 
as shown. Determine the stress at point A. 


4 in. 



A 


l y = 8.7 in 4 
l z = 24.5 in 4 
I yz = +8.3 in 4 


SOLUTION 


Using Mohr’s circle, determine the principal axes and principal moments of inertia. 

Ir 


Y: (8.7, 8.3) in 4 
Z : (24.5, -8.3) in 4 
£:(16.6, 0) in 4 

EF = 7.9 in 4 
FZ = 8.3 in 4 


U 1 





R = V7.9 2 +8.3 2 = 1 1.46 in 4 


tan 26 = — = — = 1.0506 
m EF 7.9 


0 m = 23.2° I u =16.6-11.46 = 5.14 in 4 I v =16.6 + 11.46 = 28.06 in 4 

M U =M sin G m = (60) sin 23.2° = 23.64 kip • in. 

M V =M cos 6 m = (60) cos 23.2° = 55.15 kip • in. 
u a =y A cos @ m +z a = ~3 .92 cos 23.2° - 1 .08 sin 23.2° = -4.03 in. 
v A =z A cosd m -y A sin 6 m = -1.08cos23.2° + 3.92 sin 23.2° = 0.552 in. 


M v u a , M u v a 

< 7 , = + 


(55.15)(-4.03) (23.64)(0.552) 


28.06 


5.14 


<J A = 10.46 ksi A 
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SOLUTION 


Add y- andz-axes as shown. Cross section is a 75 mm x 125 -mm rectangle with a 51 mm x 101 -mm rectangular 
cutout. 


I z =A(75)(125) 3 -^(51)(101) 3 = 7.8283 xlO 6 mm 4 = 7.8283 x lO^m 4 

I y = ^(125)(75) 3 -^(101)(51) 3 = 3.2781 xlO 3 mm 4 =3.2781 xl(T 6 m 4 

A = (75)(1 25) - (5 1)(1 0 1) = 4.224 x 1 0 3 mm 2 = 4.224 x 1 0“ 3 m 2 
Resultant force and bending couples: 

P = 14 + 28 + 28 = 70 kN = 70 x 10 3 N 
M z = -(62.5 mm)(14 kN) + (62.5 mm)(28kN) + (62.5 mm)(28 kN) = 2625 N • m 
M = -(37.5 mm)(14 kN) + (37.5 mm)(28 kN) + (37.5 mm)(28 kN) = -525 N • m 



(a) 


70x10 


A A I, I v 4.224 xl0“ 3 


(2625)(-0.0625) (-525)(0.0375) 


7.8283x10“ 


3.2781x10 


-6 


= 31.524x 10 6 Pa 

_ P M z y B M y z B 


- + - 


70xl0 3 


4.224x10 


-3 


(2625)(0.0625) | (~525)(0.0375) 


7.8283x10“ 


3.2781x10“ 


a. =31.5 MPa ◄ 


(b) 


= -10.39xl0 6 Pa 

Let point H be the point where the neutral axis intersects AB. 


, ? 


z h —0.0375 m, 

Q P , M y z H 


J H 


- 0 


-10.39 MPa ◄ 


r 


y H 




\ 


H 


P Mz 


7.8283x10“ 


2625 


70xlQ 3 

4.224x10“ 


- + 


= 0.03151 m = 31.51 mm 
31.51 + 62.5 = 94.0 mm 


(-525X0.0375) 
3.278 lxl0“ 6 


Answer: 94.0 mm above points. 4 
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PROBLEM 4.145 

A horizontal load P of magnitude 100 kN is applied to the beam 
shown. Determine the largest distance a for which the maximum 
tensile stress in the beam does not exceed 75 MPa. 


SOLUTION 


Locate the centroid. 






© 




(b 

— 

p 

/ 




A, mm 2 

y, mm 

Ay, mm 3 


2000 

10 

20 x 10 3 

© 

1200 

-10 

-12 x 10 3 

z 

3200 


8x 10 3 


Move coordinate origin to the centroid. 

Coordinates of load point: X P = a, y P = -2.5 mm 

Bending couples: M x = y p P M y = -aP 


y ZAz 

_ 8 x IQ 3 

3200 

= 2.5 mm 


l x = L(i00X20) 3 + (2000)(7.5) 2 + ^-(60)(20) 3 + (1200)(12.5) 2 = 0.40667 x 10 6 mm 4 

= 0.40667 x 10“ 6 m 4 
10 6 mm 4 = 2.0267 xl0" 6 m 4 
x 10 6 Pa, P = 100 x 10 3 N 

x * y 


i 


i 


/ = — (20)(100) J + — (20X60)' 3 = 2.0267 x 


12 

P My 

a = — + — 

A T 


12 

MyX 


= 75 
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1 in. 



PROBLEM 4.146 

Knowing that P = 90 kips, determine the largest distance a for 
which the maximum compressive stress dose not exceed 1 8 ksi. 


SOLUTION 



I x = y^-(5 in.)(6 in.) 3 - 2^(2 in.)(4 in.) 3 = 68.67 in 4 
L =2^(1 in.)(5 in.) 3 + ^-(4 in.)(l in.) 3 = 21.17 in 4 
Force-couple system at C: P = P M x = P(2.5 in.) M z = Pa 


For P = 90 kips: P = 90 kips M x = (90 kips)(2.5 in.) = 225 kip • in. M z = (90 kips) a 

Maximum compressive stress at i? : cr B = -18 ksi 

_ M x (3 in.) M z (2.5 in.) 
afi “ ^ i x i z 

._ 90 kips (225 kip • in.)(3 in.) (90 kips) a (2.5 in.) 

14 in 2 68.67 in 4 21.17 in 4 

-18 = -6.429 - 9.830 - 10.628a 

-1.741 = -10.628 a a = 0.1638 in. ◄ 
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1 in. 



PROBLEM 4.147 

Knowing that a = 1.25 in., determine the largest value of P that 
can be applied without exceeding either of the following 
allowable stresses: 

(j t e n =10ksi cr comp =18ksi 


SOLUTION 


A = (5 in.)(6 in.) - (2)(2 in.)(4 in.) = 14 in 2 

I x = y~(5 in.)(6 in.) 3 - 2y^-(2 in.)(4 in.) 3 = 68.67 in 4 

I z = 2-^(1 in.)(5 in.) 3 + ^(4 in.)(l in.) 3 = 21.17 in 4 



Force-couple system at C : For a = 1.25 in., 

P = P M x = P( 2.5 in.) 

M y = Pa = (1.25 in.) 

Maximum compressive stress at B : <j b = — 1 8 ksi 

P M x (3 in.) M z ( 2.5 in.) 

A /, I z 

P P( 2.5 in.)(3 in.) P(1 .25 in.)(2.5 in.) 
14 in 2 68.67 in 4 21.17 in 4 


a B = 
-18 ksi = 


-18 = - 0.0714P - 0.1092P - 0.1476P 
-18 = 0.3282 P P = 54.8 kips 

Maximum tensile stress at D : <j d = +10 ksi 

P M (3 in.) M (2.5 in.) 

<j n = + — — + — ^ ^ 

° A I x I z 

+10 ksi = - 0.0714P + 0.1092P + 0.1476P 
10 = 0.1854P P = 53.9 kips 


The smaller value of P is the largest allowable value. 


P = 53.9 kips ◄ 
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SOLUTION 



P = 4 x 10 3 N (compression) 

M x = -PR sin 30° = -(4 x 10 3 )(125 x 10 _3 )sin30° = -250 N • m 
M z = -Pi? cos 30° = -(4 x 10 3 )(125 x 10“ 3 )cos30° = -433 N • m 

= ^(200)(150) 3 = 56.25 x 10 6 mm 4 = 56.25 x 10" 6 m 4 

= ^(150)(200) 3 = 100 x 10 6 mm 4 = 100 x 10“ 6 m 4 

= x B = 100 mm z A = z B = 75 mm 
= (200X150) = 30 x 10 3 mm 2 = 30 x 10“ 3 m 2 

Mjt A 4 x IQ 3 (-250X75 x 10~ 3 ) (-433)(-100 x 10~ 3 ) 

I z ~ 30 x 10 -3 56.25 xlO -6 100 xlO -6 


(b) Cr 


(7 A = 633 xlO 3 Pa = 633 kPa ◄ 

P M^Zb Mpeg 4 x 10 3 (~250)(75 x 10~ 3 ) (-433)(100 x 10~ 3 ) 

A I x I z 30 x 10 -3 56.25 xlO -6 100xl0“ 6 


a B = -233 x 10 3 Pa = -233 kPa ◄ 


(c) 


Let G be the point on AB where the neutral axis intersects. 

zz ? 


cr G = 0 

z g = 75 mm x G 

P 

<7 C = 

M x Z G , M z X G _ q 

G A 

T 

I 

x -M 

X 

\p ,M x z g ] 

z 

\ _ 100 X 10"' 

Xg ~m\ 

A h \ 

| ” -433 


4x10 

30x10 


-3 


( — 250)(75 x 10~ 3 ) | 
56.25 x 10“ 6 J 


= 46.2 x 10 3 m = 46.2 mm 


Point G lies 146.2 mm from point A. A 
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PROBLEM 4.149 

In Prob. 4.148, determine {a) the value of # for which the stress at D 
reaches it largest value, ( b ) the corresponding values of the stress at A, B , 
C, and D. 

PROBLEM 4.148 A rigid circular plate of 125-mm radius is attached to a 
solid 150 x 200-mm rectangular post, with the center of the plate directly 
above the center of the post. If a 4-kN force P is applied at E with 
6 - 30°, determine (< a ) the stress at point A, ( b ) the stress at point B , 
(c) the point where the neutral axis intersects line ABD. 


SOLUTION 


(a) 







B 




P = 4 x 10 3 N PR = (4 x 10 3 )(1 25 x 10“ 3 ) = 500 N • m 


M x 

I, 


PR sin # = -500 sin 6 M x = -PR cos # = -500 cos # 
- (200)(1 50) 3 = 56.25 x 10 6 mm 4 = 56.25 x 10“ 6 m 4 


/ z = -t(150)(200) 3 = 100 x 10 6 mm 4 = 100 x 10" 6 m 4 


x D = 100 mm 


z D = -75 mm 


a = 

A 


P Mz M x 


A = (200)(150) = 30 x 10 3 mm 2 = 30 x 10" 3 m 2 
p \ 1 Rzsind + ifocos#] 

" P " X + h J 


For cr to be a maximum. 


da 

~d6 


with z = z 


D’ 


da ■ 


d6 


P. = -plo + 


i?z n cos 0 sin 0 


■ + 


= 0 


(*) 


sin# 

cos# 


tan# 


4 z g 

7 v A 'D 


(100 x 10~ 6 )(— 75 x 1Q~ 3 ) _ 4 
(56.25 x 10" 6 )(100 x 10" 3 ) ~ 3 


sin^ = 0.8, cos 0 = 0.6 


0 = 53.1° ◄ 


P M z A 

C7a = — + 


M z ^ _ 4x IQ 3 (500)(0.8)(75 x 10~ 3 ) _ (500)(0.6)(-100 x 10~ 3 ) 


30x10 


-3 


56.25 x 10 


-6 


100 X 10“ 


(-0.13333 + 0.53333 + 0.300) x 10 6 Pa = 0.700 x 10 6 Pa 


700 kPa ◄ 


<j b = (-0.13333 + 0.53333 - 0.300) x 10 6 Pa = 0.100 x 10 6 Pa 


(j R = 100 kPa 4 


a c = (-0.13333 + 0 + 0) x 10 6 Pa 


a r = -133.3 kPa^ 


(7 d = (-0.13333 - 0.53333 - 0.300) x 10 6 Pa 


0.967 x 10 6 Pa 


-967 kPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


607 


M 0 

0.5 in. - 
1.43 in- 


0.5 in. 


, 1.43 in. 

J 1 


5 in. 


5 in. 


PROBLEM 4.150 

A beam having the cross section shown is subjected to a couple M 0 that 
acts in a vertical plane. Determine the largest permissible value of the 
moment M 0 of the couple if the maximum stress in the beam is 
not to exceed 12 ksi. Given: I = I z = 11.3 in 4 , A = 4.75 in 2 , 
£ min = 0.983 in. (Hint: By reason of symmetry, the principal axes form 
an angle of 45° with the coordinate axes. Use the relations / min = Ak ^ in 
and / min + 7 max — I y + / z .) 


SOLUTION 


M u = M 0 sin 45° = 0.7071 1M 0 
M v = M 0 cos 45° = 0.7071 lAf 0 
/ mi „ = ai <L = (4.75)(0.983) 2 = 4.59 in 4 
^ax =I y + I 2 ~I mm =11.3 + 11.3 -4.59 = 18.01 in 4 
u B = y B cos 45° + z B sin 45° = -3.57 cos 45° + 0.93 sin 45° = -1.866 in. 
v B = z B cos 45° - y B sin 45° = 0.93 cos 45° - (-3.57) sin 45° = 3.182 in. 




+ ^£u^B 

Iv Iu 


-0.7071 \M 0 


u_b , Yb 

Mil i n -/max 


= 0.7071 1M 0 


(-1.866) 3.182 

4.59 + 18.01 


0.4124M 0 




= 12 

0.4124 0.4124 


M 0 = 29. 1 kip • in. -4 
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~ M 0 ' 
0.5 in.- 

1.43 in- 


0.5 in. 


, 1.43 in. 

J 1 


5 in. 


5 in. 


PROBLEM 4.151 

Solve Prob. 4.150, assuming that the couple M 0 acts in a horizontal 
plane. 

PROBLEM 4.150 A beam having the cross section shown is subjected 
to a couple M 0 that acts in a vertical plane. Determine the largest 
permissible value of the moment M 0 of the couple if the maximum 
stress in the beam is not to exceed 12 ksi. Given: /,. = /_ =11.3 in 4 , 
A = 4.75 in , k min = 0.983 in. (Hint: By reason of symmetry, the 
principal axes form an angle of 45° with the coordinate axes. Use the 
relations 7 min = Ak; mn and 7 min + 7 max = I y + I z .) 


SOLUTION 


M u = M 0 cos 45° = 0.7071 1 M 0 
M v = -M 0 sin 45° = - 0.7071 1 M 0 
/ min = = (4.75X0.983) 2 = 4.59 in 4 

/max =Iy+h- Amn = 1 1-3 + 1 1.3 - 4.59 = 18.01 in 4 
u d = yD cos 43° + z D sin 45° = -0.93 cos 45° + (-3.57 sin 45°) = -1.866 in. 
v D = z D cos 45° — y^sin 45° = (-3.57) cos 45° — (0.93) sin 45° = 3.182 in. 


M v u d 


+ ■ 


M„v 


uTD 


-0.70711 M n 


/min /max 


= 0.70711 M 0 


(-1.866) 3.182 

4.59 + 18.01 


0.4124M 0 


M n 


o D = 12 

0.4124 0.4124 


M 0 = 29 . 1 kip • in. -4 
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PROBLEM 4.152 

The Z section shown is subjected to a couple M 0 acting in a vertical 
plane. Determine the largest permissible value of the moment M 0 of the 
couple if the maximum stress is not to exceed 80 MPa. Given: 
/ ma x - 2.28 x 10 -6 mm 4 , / min = 0.23 x 1(T 6 mm 4 , principal axes 
25.7° ^ and 64.3° ^1. 


SOLUTION 


I v = / max = 2.28 x 10 6 mm 4 = 2.28 x 10" 6 m 4 


K 

M v 

M„ 


An in 


M 0 cos 64.3° 
M 0 sin 64.3° 


0.23 x 10 6 mm 


0.23 xlO" 6 m 4 


9 = 64.3° 


tan cp - — tan 9 


2.28 x 10 


>-6 


- tan64.3 c 


<P 



0.23 x 10~ 6 
= 20.597 
87.22° 

Points A and B are farthest from the neutral axis. 

u b - yB cos 64.3° + z B sin 64.3° = (-45) cos 64.3° + (-35) sin 64.3° 
= -51.05 mm 

' B = z B cos 64.3° - y B sin 64.3° = (-35) cos 64.3° - (-45) sin 64.3 C 
+25.37 mm 

M v u b + M u v b 


V 


80 x 10 6 _ (Mq cos 64.3°)(-51.05 x 10~ 3 ) (M 0 sin 64.3°)(25.37 x 10~ 3 ) 


2.28 x 10 _ 


0.23 x 10 


i-6 


= 109.1 x 10 3 M 0 


M 0 = 


80 x 10 b 

109.1 xlO 3 


M n = 733 N • m ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


610 


PROBLEM 4.153 



Solve Prob. 4.152 assuming that the couple M 0 acts in a horizontal 
plane. 

PROBLEM 4.152 The Z section shown is subjected to a couple M 0 
acting in a vertical plane. Determine the largest permissible value of the 
moment M 0 of the couple if the maxi m um stress is not to exceed 80 MPa. 
Given: 7 max = 2.28 x 10 -6 mm 4 , 7 min = 0.23 x 10 _6 mm 4 , principal axes 
25.7° ^ and 64.3° 


SOLUTION 


K 

K 

M v 

K 

e 

tan <p 


(p 


7 min = 0.23 x 10 6 mm 4 = 0.23 x 10 6 m 4 
7 max = 2.28 x 10 6 mm 4 = 2.28 x 10 6 m 4 
M 0 cos 64.3° 

M 0 sin 64.3° 


64.3° 

— tan 0 

L 


0.23 x 1(T 6 
2.28 x 10~ 6 
0.20961 
11.84° 


tan 64.3° 


Points D and E are farthest from the neutral axis. 



u d - yD cos 25.7° - z D sin 25.7° = (-5) cos 25.7° - 45 sin 25.7° 

= -24.02 mm 

v D = z D cos 25.7° + y D sin 25.7° = 45 cos 25.7° + (-5) sin 25.7° 

= 38.38 mm 

_ M v u d _ (M d cos 64.3°)(-24.02 x 1Q~ 3 ) 

a ° I v I u 0.23 x 10" 6 

(M 0 sin 64.3°)(38.38 x 10~ 3 ) 

2.28 x 10“ 6 

80 x 10 6 = 60.48 x 10 3 M 0 

A7 0 = 1.323 x 10 3 N • m M 0 = 1.323 kN • m ◄ 
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y 

0.3 in. 
1 

_ 2 ? t 


C 


hi 

1 



n J W 





PROBLEM 4.154 

An extruded aluminum member having the cross section shown 
is subjected to a couple acting in a vertical plane. Determine the 
largest permissible value of the moment M 0 of the couple if the 
maximum stress is not to exceed 12 ksi. Given: 
/ ma x = 0.957 in 4 , / min = 0.427 in 4 , principal axes 29.4°^£ and 
60.6°^. 


SOLUTION 


4 = /max = 0.957 in 4 
7 v =/ mm = 0.427 in 4 
M u = M 0 sin 29.4°, M v = M 0 cos 29.4° 


U 



6 = 29.4° 

/ 0 427 

tan (p = — tan# = — 1 tan 29.4° 

I u 0.957 

= 0.2514 <p = 14.11° 

Point A is farthest from the neutral axis. 
y A = -0.75 in., z A = -0.75 in. 


u a = yA cos 29.4° + z A sin 29.4° = -1.0216 in. 
v A = z A cos 29.4° - ^sin29.4° = -0.2852 in. 


_ (M 0 cos29.4°)(-1.0216) (M 0 sin29.4°)(-0.2852) 

I v I u ~ 0.427 0.957 

= 1.9381M 0 




°A 

1.9381 


12 

1.9381 


M 0 = 6.19 kip • in. A 
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PROBLEM 4.155 

A beam having the cross section shown is subjected to a couple M 0 
acting in a vertical plane. Determine the largest permissible value of 
the moment Mq of the couple if the maximum stress is not to exceed 
100 MPa. Given: I y =I z = b 4 12,6 and I yz = b 4 /72. 


SOLUTION 


/ =/ = 
y 2 36 36 


■ 0.360 x 10^ mm 4 


/ = — = — = 0.180 xlO 6 mm 4 
y 72 72 




Principal axes are symmetry axes. 

Using Mohr’s circle, determine the principal moments of inertia. 


Points: 


i? = |/^| = 0.180xl0 6 mm 4 

/„+/ z 

1,=^ - + R 


2 

54C 
/,.+/- 


: 0.540 XlO 6 mm 4 =0.540 xl0 _6 m 4 


-R 



= 0. 180 x 10 6 mm 4 =0.180 xlO -6 m 4 
M u = M 0 sin 45° = 0.7071 1M 0 , M v = M 0 cos 45° = 0.7071 1 M 0 


6» = 45° 
cp = 71.56° 

Ua= 0 v 


-tan# = 


0.540x10 


-6 


tan cp 

1„ 0.180xlQ- 6 


tan 45 c 


-20V2 


mm 


M v u a M u v a 
£_A + — «_A = 0 + 


(0.7071 1M 0 )(-20V2x10 3 ) 


0.180x10“ 


= -11.11x10 M n 


M 0 =- 


1 1 1.1 lx 10 3 


-100x10 

lll.llxlO 3 


= 900 N • m 
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PROBLEM 4.156 

Show that, if a solid rectangular beam is bent by a couple applied in a plane containing 
one diagonal of a rectangular cross section, the neutral axis will lie along the other 
diagonal. 
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PROBLEM 4.157 





(a) Show that the stress at comer A of the prismatic 
member shown in part a of the figure will be zero if 
the vertical force P is applied at a point located on the 
line 


b!6 + h/6 

(b) Further show that, if no tensile stress is to occur in 
the member, the force P must be applied at a point 
located within the area bounded by the line found in 
part a and three similar lines corresponding to the 
condition of zero stress at B , C, and D , respectively. 
This area, shown in part b of the figure, is known as 
the kern of the cross section. 


SOLUTION 


h 

Z A 


— -hi b 3 
12 

_h 

2 



A = bh 



(. b ) At points: z = 0 x E = b!6 


At point F: x = 0 .'. z F = h/6 

If the line of action (Ap, z P ) lies within the portion marked T A , a tensile stress will occur at comer A 
By considering o B = 0, cr c = 0, and cr D = 0, the other portions producing tensile stresses are identified. 
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PROBLEM 4.158 



A beam of unsymmetric cross section is subjected to a couple M 0 acting in the 
horizontal plane xz. Show that the stress at point A, of coordinates y and z, is 


<Ja = 


yl 


yz 


Iyl, 




yz 


where I y , / z , and I yz denote the moments and product of inertia of the cross section 
with respect to the coordinate axes, and M y the moment of the couple. 


SOLUTION 

The stress a A varies linearly with the coordinates y and z. Since the axial force is zero, the y- and z-axes are 
centroidal axes: 


where Cj and C 2 are constants. 


<j a = C x y + C 2 z 




-J y<J A dA = -CjJ y 2 dA - C 2 f yz dA 


~I Z C\ - I yz C 2 = o 


r - ?Lc 

M “ J 


M y = J zcy A dA = Cj yz + C 2 J z 2 <£4 


+ 1 y C 2 

- Iy Z ~~ C 2 + I y C 2 


I z M y 


(l y I z -I 2 yz )c 2 


c 


IMy 


Q 


2 I I - I 2 

y Z y Z 
!yz M y 


1 I I - I 2 

y Z y Z 

I z z - I y 
■ = _£ 

1 1 - 1 2 y 

y Z y Z 
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PROBLEM 4.159 



A beam of unsymmetric cross section is subjected to a couple M 0 acting in the 
vertical plane xy. Show that the stress at point A, of coordinates y and z, is 


yiy- 

CJ a = — — 

II 

y z 


yz 




yz 


where I , I z , and I denote the moments and product of inertia of the cross 
section with respect to the coordinate axes, and M z the moment of the couple. 


SOLUTION 

The stress a A varies linearly with the coordinates y and z. Since the axial force is zero, the y- and z-axes are 
centroidal axes: 


where Cj and C 2 are constants. 


o- A = C x y + C 2 z 


M y = j* z<j A dA = C^yzdA + C 2 \z 2 dA 

= Iyz C X + IyC 2 = 0 


c - z±- c 

^2 - T ^ 1 


M z = -J ycr A dz = -C x \y 2 dA + C 2 JyzdL4 


-T r ~ t yz r 

L z^\ 1 yz J 


IyM z 


-(/ v / z - I 2 yz ) Cj 


I.M 

C = 


I I - 1 1 

y z yz 


C, - + - 


1 1 - r 

y z yz 


I I - I 2 ^ z 

y z yz 


-M, 
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PROBLEM 4.160 


(a) Show that, if a vertical force P is applied at point A of the section 
shown, the equation of the neutral axis BD is 


> 


f \ 

X A 

r 2 i 

X + 

Z A 

r 2 

V ' V 


v 


V x y 


where r z and r x denote the radius of gyration of the cross section with 
respect to the z axis and the v axis, respectively. ( b ) Further show that, if 
a vertical force Q is applied at any point located on line BD , the stress at 
points will be zero. 


SOLUTION 

Definitions: 


r 2 = 

' V 




(a) M x = Pz A 


M z - 

M z x E 


h 

A I. 


-Px A 


P Px 4 X E 

A Ar ? 


^£a£e 

Ar? 



f \ 


f \ 


1 + 

X A 

r 2 , 
\ r z J 

X E + 

Z A 

r 2 , 

\'x j 

Z E 


= 0 


if E lies on neutral axis. 


1 + 

( > 
X A 

2 

v + 

f > 

2 

z = 0, 

/ \ 
X A 
2 

v + 

r \ 

Z A 

2 


U J 


U J 


U J 


Y 

V x J 


(b) 


M x = Pz E M z = -Px E 


P_ 

A 


M z X A 


?£x^A _ 


P Px E x A 


Ar? 


Ar? 


0 by equation from part (a). 


◄ 


◄ 
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SOLUTION 


(a) h = 50 mm, r x = 50 mm, r 2 = 100 mm 
A = (24X50) = 1.200 x 10 3 mm 

R = — = -2!L = 72.13475 mm 

, r 2 in loo 
In— 50 
r \ 

7 = (r, + r 2 ) = 75 mm 

e = 7 - R = 2.8652 mm 


y A = 72.13475 - 50 = 22.13475 mm 


<?A = - 


A_ _ 


(600)(22.13475 x 10"') 


r A = 50 mm 

- 3 \ 


My 

Aer A ~ (1.200 x 10 _3 )(2.8652 x 10 _3 )(50 x 10 -3 ) 


= -77.3 x 10° Pa 


-77.3 MPa ◄ 


(b) 


h = 60 mm. 


R = 


h 


ln^- 


60 

In Iio 

111 50 


50 mm. 


= 76.09796 mm 


1 1 0 mm, A = (24)(60) = 1 .440 x 1 0 3 m m 2 


r = — (tj + r 2 ) = 80 mm e = r - R = 3.90204 mm 


y A = 76.09796 - 50 = 26.09796 mm 


m )’a 

Aer A 


50 mm 


(600)(26.09796 x 10“ 3 ) 


(1.440 x 10 _3 )(3. 90204 x 10“ 3 )(50 x 10“ 3 ) 


-55.7 xlO 6 Pa 


-55.7 MPa ◄ 
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SOLUTION 


h = 55 mm, r x = 50 mm, r 2 = 105 mm 
A = (24X55) = 1.320 x 10 3 mm 2 

R = — — = 5 ,° >r = 74.13025 mm 

i„i 

rl 50 

7 = ^-(rj + r 2 ) = 77.5 mm 


e = r - R = 3.36975 mm 


X4 


74.13025 - 50 = 24.13025 mm r A = 50 mm 

My^ (600)(24.13025 x 10~ 3 ) 

Aer A ~ (1.320x10" 3 X3.36975 x 10" 3 X50x10" 3 ) 


= -65.1 xlO 6 Pa 


y B - 74.13025 - 105 = -30.86975 mm r B = 105 mm 

_ My_g (600X-30.8697 x 10~ 3 ) 

° B ~ Aer B ~ (1.320 x 10" 3 X3.36975 x 10“ 3 )(105 x 10" 3 ) 


-65.1 MPa ◄ 


39.7 MPa ◄ 
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SOLUTION 

M - -4 kip • in. 

Rectangular cross section: A = bh r 2 = 3 in. r x - r 2 - h 

1 h 

r = ~(r x + r 2 ), R = — — , e = r - R 

2 In— 

r \ 

(a) h = 2 in. A = (0.75)(2) = 1.5 in 2 


n = 3 - 2 = 1 in. 


F = -(3 + 1) = 2 in. 
2 


R = — = 1.8205 in. e = 2 - 1.8205 = 0.1795 in. 
In 4 


At point A: r = r x = 1 in. 

_ M(r - R ) _ (~4)(1 - 1.8205) 
CTa ~ Aer ~ (1.5)(0.1795)(1) 


12.19 ksi 


0 b ) h = 2.6 in. A = (0.75)(2.6) = 1.95 in 2 

r x = 3 - 2.6 = 0.4 in. F = ^-(3 + 0.4) = 1.7 in. 

R = = 1.2904 in. e = 1.7 - 1.2904 = 0.4906 in. 

ln^L 

AAA A A 


At point A: r = r x = 0.4 in. 


<*A 


M(r - R) _ (-4)(0.4 - 1.2904) 
Aer ~ (1.95)(0.4096)(0.4) 


cr A = 12.19 ksi A 


a A = 11.15 ksi ◄ 
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SOLUTION 


M - -4 kip • in. 
Rectangular cross section: 


At point A : 


At point B : 


h = 2.5 in. b = 0.75 in. A = 1.875 in. 2 
r 2 = 3 in. r x = r 2 - h = 0.5 in. 


F = + r 2 ) = i(0.5 + 3.0) = 1.75 in. 


R = 


h 


2.5 


ln~- 


= 1.3953 in. 


e -r - R - 1.75 - 1.3953 = 0.3547 in. 


r = r. 


0.5 in. 


cr, = 


M(r - R ) (-4 kip • in.)(0.5 in. - 1.3953 in.) 


Aer 


(0.75 in.)(2.5 in.)(0.3547 in.)(0.5 in.) 


r = r 2 = 3 in. 

_ M(r - R) _ (-4 kip • in.)(3 in. - 1.3953 in.) 


Aer 


(0.75 in. x 2.5 in.)(0.3547 in.)(3 in.) 


<j a = 10.77 ksi A 


cr B = -3.22 ksi ^ 
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SOLUTION 

h = 40 mm, r x = 15 mm, r 2 = 55 mm 
A = (60)(40) = 2400 mm 2 = 2400 x 10“ 6 m 2 


R 


h 40 


l„i In — 

n 40 


30.786 mm 


r = — (r\ + r 2 ) = 35 mm 


e - r - R - 4.214 mm 


<j = - 


My 

Aer 


At r = 15 mm, y = 30.786 - 15 = 15.756 mm 


(1 20)(1 5.786 x 10“ 3 ) 


c — — 


(2400 x 10“ 6 )(4.214 x 10“ 3 )(15 x 10" 3 ) 


= -12.49 x 10“ 6 Pa 


At r = 55 mm, y = 30.786 - 55 = -24.214 mm 


(120)(-24.214 x 10" 3 ) 


G - — 


(2400 x 10 _6 )(4.214 x 10 _3 )(55 x 10" j ) 


,-3\ 




= 5.22 x 10 6 Pa 


o- = -12.49 MPa ◄ 


a = 5.22 MPa ◄ 
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SOLUTION 


h = 40 mm, A = (60)(40) = 2400 mm 2 = 2400 x 10“ 6 m 2 , M = 120 N • m 

/ = — M 3 = — (60Y40) 3 = 0.32 x 10 6 mm 4 = 0.32 x 10“ 6 mm 4 , c = -h = 20 mm 
12 12 2 

Assuming that the bar is straight, 

Me = ,020X20x10 = 7 5 x lo6pa = 7 5 Mpa 
/ (0.32 x 10“ 6 ) 


(a) 


r x = 20 mm r 2 = 60 mm 


R 


40 


l„i 

n 20 


36.4096 mm 


/, - R = -16.4096 mm 


r = — (r x + r 2 ) = 40 mm 


e - r - R - 3.5904 mm 


_ M(r x - R) _ 
Aer 


(120)(—1 6.4096 x 10 -3 ) 


(2400 x 10“ 6 )(3.5904 x 10^)(20 x 10“ J ) 


- 3 \ 




= -11.426x 10'’ Pa = -11.426 MPa 


% error = 11,426 ( 7,5) x 100% = -34.4% ◄ 

-11.426 


For parts ( b ) and (c), we get the values in the table below: 



7j, mm 

r 2 , mm 

/?, mm 

r, mm 

e, mm 

cr, MPa 

% error 

(a) 

20 

60 

36.4096 

40 

3.5904 

-11.426 

-34.4 % 


(b) 

200 

240 

219.3926 

220 

0.6074 

-7.982 

6.0 % 

◄ 

(c) 

2000 

2040 

2019.9340 

2020 

0.0660 

-7.546 

0.6 % 

◄ 
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B 


).3 ii 
B 

l. 

PROBLEM 4.167 

\ 0.4 in. 

« ( 

F 


~T 

0.8 in. 

_L 

Steel links having the cross section shown are available with 
different central angles (3. Knowing that the allowable stress is 
12 ksi, determine the largest force P that can be applied to a 

X/ A 

/ 

1 1.2 in. 


A 

t 

0.8 in. 

___L 

link for which /3 = 90°. 

C 


C 



SOLUTION 


Reduce section force to a force-couple system at G, the centroid of the cross section AB. 


a = 


r 1 


V 



The bending couple is M — -Pa. 

For the rectangular section, the neutral axis for bending couple only lies at 

h 


R = 


In — 

n 


P' 

^ r 


r 


\ 


Also, e = r - R 
At points, the tensile stress is 


\ A 

^-3- 


\ 


_ _ p M y a _ p . Pa y a _ p 

CF a — — ' — 

A Aer x A Aer x A 


1 + 


ay A 


en 


i J 


K P - 

A 


where 


K = 1 + 


en 


and 


yA = R ~f i 


P = ^J. 

K 


Data: 


r = 1.2 in., r x = 0.8 in., r 2 =1.6 in., h = 0.8 in., b = 0.3 in. 


A = (0.3)(0.8) = 0.24 in 2 

e = 1.2 - 1.154156 = 0.045844 in., 
a = 1.2(1 - cos 45°) = 0.35147 in. 

^ = 1 + (0.35147X0.35416) = 4J940 


R = 


0.8 

In Dl 

0.8 


= 1.154156 in. 


y A = 1.154156 - 0.8 = 0.35416 in. 


P = 


(0.045844)(0.8) 
(0.24X12) 


4.3940 


= 0.65544 kips 


P = 655 lb ◄ 
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0.3 in. 



PROBLEM 4.168 

Solve Prob. 4.167, assuming that / 3 = 60°. 

PROBLEM 4.167 Steel links having the cross section shown are 
available with different central angles /?. Knowing that the 
allowable stress is 12 ksi, determine the largest force P that can be 
applied to a link for which /? = 90°. 


SOLUTION 


Reduce section force to a force-couple system at G, the centroid of the cross section AB. 


a = r 


1 - cos — 
2 


The bending couple is M - -Pa. 

For the rectangular section, the neutral axis for bending couple only lies at 

h 


R 


In — 
r \ 


p' * 

s*\ 


\ 


Also, e - r - R 

At point A, the tensile stress is 

where 


\M 

2. 

\ 




T 


P My A P i Pay A P 


CTj=-- 


Aen 


— h ■ 

A Aer x A 


1 + 


ay A 


en 


i J 


= K P - 
A 


K = 1 + 


°y a 


and 


en 


yA= R ~ r \ 


p _ a °a 


Data: 


K 

7 = 1.2 in., Tj = 0.8 in., r 2 =1.6 in., h = 0.8 in., b = 0.3 in. 


A = (0.3)(0.8) = 0.24 in 2 

e = 1.2 - 1.154156 = 0.045844 in. 
a = (1.2)(1 - cos 30°) = 0.160770 in. 

^ = 1 + (0.160770)(0.35416) = 2 5525 
(0.045844X0.8) 

p _ (0.24X 12 ) _ i 1 28 k j ps 
2.5525 


R = 


0.8 

l n M 

0.8 


= 1.154156 in. 


y A = 1.154156 - 0.8 = 0.35416 in. 


P = 1 128 lb ◄ 
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15 kN 

[~“~1 

PROBLEM 4.169 

1 

1 

1 


The curved bar shown has a cross section ot 30x 30 mm. Knowing 
\ mm that the allowable compressive stress is 175 MPa, determine the largest 

bI \ 

\ 20 mm allowable distance a. 

\ \c I 

1 20 mm 



30 mm 

r 


SOLUTION 

Reduce the internal forces transmitted across section AB to a force-couple system at the centroid of the 
section. The bending couple is 

M - P(a + 7) 


For the rectangular section, the neutral axis for bending couple only lies at R 



In — 


Also, e - r - R 

The maximum compressive stress occurs at point A . It is given by 
_ P My A P P{a + ~r)yj 


A Aer x 


Aer \ 


= -K — with y A = R - r x 
A 


Thus, K = 1 + 


(< a + r)(R - r x ) 


en 


(i) 


Data: 


h = 30 mm, r x = 20 mm, r 2 = 50 mm, r =35 mm, R 


30 

In — 

20 


32.7407 mm 


c — 35 — 32.7407 = 2.2593 mm, b - 30 mm, R - r x = 12.7407 mm, a = ? 
Ca = -175 MPa = -175 x 10 6 Pa, P = 5 kN = 5 x 10 3 N 


_Aoj_ _ (900 x 10~ 6 )(— 1 75 x 10 6 ) _ 


K = - 


5 x 10 3 


= 31.5 


Solving (1) for a + r, a + r = — — 

R - n 


_ (30.5)(2.2593)(20) 1AO 

a + r = — — — - = 108.17 mm 

12.7407 

a = 108.17 mm - 35 mm 


a = 73.2 mm 4 
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SOLUTION 


7j=— 40 = 20 mm, r 2 =—(90) = 45 mm h = r 2 — r x = 25 mm 


—40 = 20 mm, r 2 = — 

2 2 2 

A = (14)(25) = 350 mm 2 R ■■ 


25 


Ini Inf 


= 30.8288 mm 


r - ^{r l +r 2 )~ 32.5 mm e-r -R = 1.6712 mm 


Reduce the internal forces transmitted across section AB to a force-couple system at the centroid of the cross 
section. The bending couple is 


M = Pa = P7 = (2500)(32.5 x 1 0 -3 ) = 8 1 .25 N • m 

(a) Points: r A = 20 mm y A = 30.8288 - 20 = 10.8288 mm 

P Myj_ 2500 (81.25)(10.8288xl0~ 3 ) 

A ~ A AeR ~ 350 x 10 -6 (350xl0“ 6 )(1.6712xl0“ 3 )(20xl0“ 3 ) 

= -82.4 xlO 6 Pa 

(b) Point B\ r B - 45 mm y B = 30.8288 -45 = -14.1712 mm 



P 

= 


M y B 


2500 


(81.25)(-14,1712xlQ~ 3 ) 

350 x 10" 6 (350 x 10“ 6 )(1.6712 x 10 _3 )(45 x 10 -3 ) 


A Aer B 
36.6xl0 6 Pa 


a B = 36.6 MPa ◄ 
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PROBLEM 4.171 

Three plates are welded together to form the curved 
beam shown. For M = 8 kip • in., determine the stress 
at (a) point A, ( b ) point B , (c) the centroid of the cross 
section. 


SOLUTION 


Zf}dA 

_ YA7 
r = 

YA 


Yb t h t _ YA 
Yb, In 

n r. 



Part 

b 

h 

A 

b ln-^i- 

r i 

r 

A7 

© 

3 

0.5 

1.5 

0.462452 

3.25 

4.875 

© 

0.5 

2 

1.0 

0.225993 

4.5 

4.5 

© 

2 

0.5 

1.0 

0.174023 

5.75 

5.75 

i 



3.5 

0.862468 


15.125 


3 5 15 125 

R = — — — = 4.05812 in., F= = 4.32143 in. 

0.862468 3.5 

e = 7 - R = 0.26331 in. M = -8 kip • in. 

(a) y A = R-r x = 4.05812-3 = 1.05812 in. 


- _MZa - (-8X1.05812) 

~ ~Aei\ ~ (3.5)(0.26331)(3) 

o b ) y B = R-r 2 = 4.05812 - 6 = -1.94188 in. 

- _ - (-8X-1.94188) 

Ub ~ Aer 2 ~ (3.5)(0.26331X6) 

(c) y c = R-r = -e 

My c _ Me _ M -8 

° c ~ ~^77 _ ~ _ Tf ~ ~ (3.5)(4.32143) 


<j a = 3.06 ksi A 


cr B = -2.81 ksi A 


<j c = 0.529 ksi A 
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SOLUTION 


R= M Zh A 

Z lv dA Efyln^ 

r i 

_ EAT 

r = 

EA 


EA 

Eb t ln-^ 1 
r, 



r 

3 

Part 

b 

h 

A 

b ln-^i- 

r i 

r 

AT 

3.5 

© 

3 

0.5 

1.5 

0.462452 

3.25 

4.875 

5.5 

© 

0.5 

2 

1.0 

0.225993 

4.5 

4.5 

6 

© 

2 

0.5 

1.0 

0.174023 

5.75 

5.75 


i 



3.5 

0.862468 


15.125 


3 5 15 125 

R = = 4.05812 in., r = — = 4.32143 in. 

0.862468 3.5 

e = 7 - R = 0.26331 in. e = 0.263 in. A 
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PROBLEM 4.173 

Knowing that the maxi m um allowable stress is 45 MPa, determine 
the magnitude of the largest moment M that can be applied to the 
components shown. 


SOLUTION 


© 


(?) 


A\ dA E/, ( 21n /]+l Yb, In n+] 

y. y. 

' 7 # 7 


14 


, mm 
150 

195 

330 

Part 

b i9 mm 

h, mm 

A, mm 2 

/>,. ln-5±k,mm 

r i 

r, mm 

Ar , mm 3 

© 

108 

45 

4860 

28.3353 

172.5 

838.35 x 10 3 

© 

36 

135 

4860 

18.9394 

262.5 

1275.75 x 10 3 

i 



9720 

47.2747 


2114.1 xlO 3 


9720 

R = = 205.606 mm 

47.2747 

e = 7 - R =11 .894 mm 


_ 2114.1 xlO 3 

r ~ 9720 


217.5 mm 


M 


yB 

°B 


R-r x = 205.606 - 150 = 55.606 mm 


My a 
Aer x 


yA 

(45 x 10 6 )(9720 x 10~ 6 )(1 1.894 x 10~ 3 )(150 x 10~ 3 ) 
(55.606 x 10“ 3 ) 

R - r 2 = 205.606 - 330 = -124.394 mm 


Aer 2 


14.03 kN-m 


a K A er 2 

yB 

_ (45 x 10 6 )(9720 x 10~ 6 )(1 1.894 x 10~ 3 )(330 x 10~ 3 ) 
(124.394 x 10“ 3 ) 

= 13.80 kN -m 


M = 13.80 kN-m ◄ 
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c 

A- 


M' 


VI -w / \ Vl 

B 


150 mm 

135 mm 
45 mm 


S 

36 mm 


PROBLEM 4.174 

Knowing that the maximum allowable stress is 45 MPa, determine 
the magnitude of the largest moment M that can be applied to the 
components shown. 


SOLUTION 


© 


(D 


R ^ _ zb,h, _ £4 

7 dA Y.bj In Z/j, In ^ 

r r- 

i i 

ZA 


r, mm 
150 

285 

330 



£>-, mm 

h, mm 

A, mm 2 

h ln^-,mm 

>i 

r , mm 

Ar , mm 3 

© 

36 

135 

4860 

23.1067 

217.5 

1.05705 xlO 6 

© 

108 

45 

4860 

15.8332 

307.5 

I.49445 xlO 6 

I 



9720 

38.9399 


2.5515 xlO 6 


R 


9720 


249.615 mm. 


_ 2.5515 x 10 

r = 


9720 

->3 


o-j = — 


38.9399 

e = 7 - R = 12.885 mm, M = 20xl0 J N-m 

y A = R-r x = 249.615 - 150 = 99.615 mm 

- MZa 

Aer x 

M = a ^ Aer ' 

yA 

_ (45 x 10 6 )(9720 x 10~ 6 )(12.885 x 10~ 3 )(150 x 10~ 3 ) 
(99.615 x 10" 3 ) 

y B = R - r 2 = 249.615 - 330 = -80.385 mm 

(j % 


262.5 mm 


= 8.49 kN • m 


Ae r 2 

, _ (j R Aer \ 

M = — ^ ^ 

yB 


(45 x 10 ( ’)(9720 x 10“ 6 )(12.885 x 10" J )(330 x 10" J ) 


-3\ 


-v-34 


(80.385 x 10“ 3 ) 


23.1 kN-m 


M = 8.49 kN • m ◄ 
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PROBLEM 4.175 

The split ring shown has an inner radius r\ = 0.8 in. and a circular cross 
section of diameter d = 0.6 in. Knowing that each of the 120-lb forces is 
applied at the centroid of the cross section, determine the stress (a) at point A, 
(6) at point B. 
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PROBLEM 4.176 

Solve Prob. 4.175, assuming that the ring has an inner radius r\ — 0.6 in. and 
a cross-sectional diameter d = 0.8 in. 

PROBLEM 4.175 The split ring shown has an inner radius r\ = 0.8 in. and a 
circular cross section of diameter d = 0.6 in. Knowing that each of the 120-lb 
forces is applied at the centroid of the cross section, determine the stress 
(a) at point A, ( b ) at point B. 
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PROBLEM 4.177 

The bar shown has a circular cross section of 14-mm diameter. Knowing 
that a = 32 mm, determine the stress at (a) point A, (b) point B. 


SOLUTION 


c 

R 

e 

A 

P 

M 

yA 

yb 


—d = 8 mm 
2 

J_ 

2 


\fr 


r + \] r' 2 - c 2 


12 + 8 = 20 mm 

V20 2 


20 + 


8 


r - R = 20 - 19.1652 = 0.83485 mm 
nr 2 = ;r(8) 2 = 201.06 mm 2 
220 N 


19.1652 mm 


-P(a + 7) = 220(0.032 + 0.020) = 1 1.44 N • m 
R - = 19.1652 - 12 = 7.1652 mm 

R - r 2 = 19.1652 - 28 = -8.8348 mm 


(a) cr 4 


P_My A 
A Aer x 

220 (~11.44)(7.1652 xlQ~ 3 ) 

201.06 x 10“ 6 (201.06 x 10“ 6 )(0.83485 x 10“ 3 )(12 x 10“ 3 ) 


(b) <J B 


P My B 
A Aer 2 

220 (~11.44)(8.8348 xlQ~ 3 ) 

201.06 x 10" 6 (201.06 x 10" 6 )(0.83485 x 10" 3 )(28 x 10" 3 ) 


a A = 41.8 MPa ◄ 


a B = -20.4 MPa ◄ 
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PROBLEM 4.178 

The bar shown has a circular cross section of 14-mm diameter. Knowing 
that the allowable stress is 38 MPa, determine the largest permissible 
distance a from the line of action of the 220-N forces to the plane 
containing the center of curvature of the bar. 


SOLUTION 


» mm 


12 + 8 = 20 mm 


R = - 
2 L 


\fr 


r + \!f 2 - c 2 


2 L 


20 + 


V20 2 


19.1652 mm 


R = 20 - 19.1652 = 0.83485 mm 


A = nr 1 = tt(8) 2 = 201.06 mm 2 
P = 220 N 
M = -P(a + 7) 

y A = R-r x = 19.1652 -12 = 7.1652 mm 


M y a 


P_ 

A Aer x 

KP 
A 


P | P(a + r)y A P_ 

A Aer x A 


1 + 


(a + r)y A 


en 


where 


K = 1 + 


(g + r)y A 


en 


k = ^A = (38 x 10 6 )(201.06 x 10~ 6 ) = 34 ^ 
P 220 


a + r 


(K - l)g/, 

yA 

(34.729 - 1)(0.83485 x 10~ 3 )(12 x 10~ 3 ) 
(7.1652 xl0“ 3 ) 


= 0.047158 m 


a = 0.047158 - 0.020 = 0.027158 


a = 27.2 mm A 
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16 mm 


12 mm 


PROBLEM 4.179 

The curved bar shown has a circular cross section of 32-mm 
diameter. Determine the largest couple M that can be applied to 
the bar about a horizontal axis if the maximum stress is not to 
exceed 60 MPa. 


SOLUTION 


16 mm 


12 + 16 = 28 mm 


* = l 
2 

_ J_ 
~~ 2 


— 1—2 2 
r + \jr - c 


28 + 


+28 2 - 


16 


= 25.4891mm 


R = 28 - 25.4891 = 2.5109 mm 


(Jmax occurs at A, which lies at the inner radius. 


It is given by I <j } 


ry — 

My A 

| max 1 

Aer { 


from which 


M = 


Aen \a. 


1 1 u max | 


y A 


Also, A = nc 1 = ;r(16) 2 = 804.25 mm 2 


Data: 


y A = R - r x = 25.4891 - 12 = 13.4891 mm 


M = 


(804.25 x 10“ 6 )(2.5109 x 10“ 3 )(12 x 10“ 3 )(60 x 10 6 ) 


13.4891 x 10 


,-3 


M = 107.8 N • m ◄ 
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SOLUTION 




Locate the centroid D of the cross section. 

_ inn 90 mm ... 
r = 100 mm H = 130 mm 


Force-couple system at D. 

P = 10 kN 

M = Pr = (10 kN)(130 mm) = 1300 N • m 
Triangular cross section. 


A = -bh 

2 


1 


(90 mm)(80 mm) 


3600 mm 2 


3600 x 10 _6 m 2 


(90) 


R = 


—In— - 1 
h n 


190 . 190 , 

In 1 

90 100 


45 mm 
0.355025 


R = 126.752 mm 

e = 7 - R = 130 mm - 126.752 mm = 3.248 mm 


P , M (r A -R) _ 


<J A = + 

A A 


10 kN 


(1300 N • m)(0.100 m - 0.126752 m) 


Aer, 


3600 x 10“ 6 m 2 (3600 x 10“ 6 m 2 )(3248 x 10“ 3 m)(0.100 m) 


= -2.778 MPa - 29.743 MPa 
(b) Point B\ 


<j A = -32.5 MPa ◄ 


r B = 190 mm = 0.190 m 


P , M( r B - R) 
A Aer n 


10 kN 


(1300 N • m)(0.190 m - 0.126752 m) 


3600 x 10“ 6 m 2 (3600 x 10“ 6 m 2 )(3.248 x 10“ 3 m)(0.190 m) 


= -2.778 MPa + 37.01 MPa 


+34.2 MPa ◄ 
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PROBLEM 4.181 

Knowing that M = 5 kip • in., 
(b) point B. 


determine the stress at (a) point A, 


SOLUTION 


A = 2 bh = 2(2.5)(3) = 3.75 in 2 

7 = 2 + 1 = 3.00000 in. 

b x = 2.5 in., r x - 2 in., b 2 = 0, r 2 = 5 in. 


Use formula for trapezoid with b 2 = 0. 


R 


+ fr 2 ) 


(b x t '2 - b 2 r l ) In— - h(b x - b 2 ) 


(0.5)(3) 2 (2.5 + 0) 


[(2.5X5) - (0X2)] Inf - (3)(2.5 - 0) 


= 2.84548 in. 


e = r - R = 0.15452 in. M = 5 kip • in. 


(a) y A = R - r x = 0.84548 in. 

- - (5)(0.84548) 

aA ~ Aer x ~ (3.75X0.15452X2) 

(. b ) y B = R - r 2 = -2.15452 in. 

- _ (5)(~2. 15452) 

Gb ~ Aer 2 ~ (3.75X0.15452X5) 


<j a = -3.65 ksi A 


cj b = 3.72 ksi A 
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PROBLEM 4.182 

Knowing that M = 5 kip • in., determine the stress at (a) point A, 
(i b ) point B. 


SOLUTION 


A = 1(2.5)(3) = 3.75 in 2 

7 = 2 + 2 = 4.00000 in. 

b x = 0, r x = 2 in., b 2 = 2.5 in., r 2 = 5 in. 

Use formula for trapezoid with b x = 0. 

U\b l + b 2 ) 

R = ± 

(V2 ~ Vi) ln 7- b 2 ) 

= ^ 2 ( Q : 2 - 5 > = 3.85466 in. 

[(0X5) - (2.5)(2)] In | - (3)(0 - 2.5) 

e = 7 - R = 0.14534 in. M = 5 kip • in. 


(a) y A 

(b) y B 


R - r x = 1.85466 in. 

My A _ (5X1.85466) 

Aer x (3.75X0.14534X2) 

R - r 2 = -1.14534 in. 

My B _ (5)(-l. 14534) 

Aer 2 ~ (3.75)(0.14534)(5) 


a A = -8.51 ksi -A 


a B = 2.10 ksi A 
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) 


80 kip • in. 


PROBLEM 4.183 

Knowing that the machine component shown has a trapezoidal cross 
section with a = 3.5 in. and b = 2.5 in., determine the stress at 
(a) point A, ( b ) point B. 
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) 


80 kip • in. 


PROBLEM 4.184 

Knowing that the machine component shown has a trapezoidal cross 
section with a = 2.5 in. and 6 = 3.5 in., determine the stress at 
(a) point A, (b) point B. 


SOLUTION 


Locate centroid. 



A, in 2 

r, in. 

Ar , in 3 


7.5 

6 

45 

© 

10.5 

8 

84 

E 

18 


129 


r = = 7.1667 in. 

18 



T 

7.S 

i 


(M>i ~b 2 r l )h\^-h(b l -b 2 ) 

(0.5)(6) 2 (2.5 + 3.5) 

[(2.5)(10) - (3.5)(4)]lnf - (6X2.5 - 3.5) 


e-r - R- 0.4499 in. 


M - 80 kip • in. 


( a ) y A =R-r l =2.7168 in. 

_ - (80X2.7168) 

0-/1 _ Aer x ~ (18)(0.4499)(4) 

(b) y B = R — r 2 = -3.2832 in. 

M y B (80X-3.2832) 
° B ~ ~A^~ (18)(0.4499)(10) 


<j a = -6.71 ksi A 


<j b =3.24 ksi A 
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PROBLEM 4.187 


Using Eq. (4.66), derive the expression fori? given in Fig. 4.61 for a circular cross section. 


SOLUTION 

Use polar coordinate /? as shown. Let w be the width as a function of f3 





A = nc 


R - 


w = 2c sin p 
r = 7 - ccos P 
dr = c sin pdp 
dA-w dr = 2c 2 sin 2 pdp 


rdA_r n 1c 
J y J 0 r — 


n 2 c sin P 


o r c cos P 


dp 


r a A _ r 71 c ( 
J y JO f 

= 2 !c 


c 2 (l-cos p ) 
7 -ccosP 


dp 


' r 2 -c 2 cos 2 P - (r 2 - c 2 ) 


dp 


r - c cos P 

= 2 f (r +c cosP)dp~2(7 2 -c 2 ) j* — 
Jo J or 

= 2^|; +2 c sin/?|* 


dr 


r -ccos/? 


-c 2 ) 


— c 


rtan 


Vr 2 -c 2 tan |-i- /? j 


= 2r pr - 0) + 2c(0 - 0) - Wf 2 -< 


r +c 

f , 


n 


-0 


V' 


: 2/zr - 2n^jr 2 -c 2 


nc 


r + Vr 2 


2;zr - 2n\lr 2 - c 2 ^ r - \ \r 2 -c 2 r + yjr 2 -c 


r + V^ 2 -< 


r + > Jr 2 -c 




2 r - (r -c ) 


■2 2 

r -c 
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PROBLEM 4.188 


Using Eq. (4.66), derive the expression for R given in Fig. 4.73 for a trapezoidal cross section. 
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PROBLEM 4.189 


Using Equation (4.66), derive the expression for R given in Fig. 4.73 for a triangular cross section. 


SOLUTION 


The section width w varies linearly with r. 
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r 

h 

L 


- r i— t 


. r 2 - 


r 3 ~ 


■^T 

—I 


PROBLEM 4.190 

Show that if the cross section of a curved beam consists of two or more 
rectangles, the radius R of the neutral surface can be expressed as 


R = - 


ln 


r \ h \ 


f \ b : 


\ r 2 j 


f \ 


\ r U 


where A is the total area of the cross section. 


SOLUTION 


R 


ZA 


E j} dA 2 bj In r ^- 


Note that for each rectangle, 


2 In 


V 

M. 

n j 


In 


\ b i 




\ h 2 


v r 3y 


\l dA -\ r ‘"b,^ 

J r J Vi r 

N 


= b, ln- 

r 2 r r, 
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PROBLEM 4.191 


For a curved bar of rectangular cross section subjected to a 
bending couple M, show that the radial stress at the neutral 
surface is 


M 

Ae 


l-i-lnA 

R n i 


and compute the value of cr r for the curved bar of Concept 
Applications 4.10 and 4.11. {Hint: consider the free-body 
diagram of the portion of the beam located above the neutral 
surface.) 
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PROBLEM 4.192 

Two vertical forces are applied to a beam of the cross section shown. Determine 
the maximum tensile and compressive stresses in portion BC of the beam. 




A = ^r 2 = ^(25) 2 = 981.7 mm 2 y x =^~ 
2 2 3 n 

A 2 = bh = (50)(25) = 1250 mm 2 y 2 = — ^ = 


(4)(25) = 10.610 mm 

3n 


— = -12.5 mm 
2 


44 + A& 2 (981.7)00.610) + (1250)(-12,5) . 3M mm 

7 4 + 4 981.7 + 1250 

\ =I Xi -A x y 2 = — r 4 - A x y x = — (25) 4 — (981 .7)(10.610) 2 = 42.886 xlO 6 mm 4 
1 8 8 

4 = y x -y =10.610 -(-2.334) = 12.944 mm 
4 =4 +44 2 =42.866 xlO 3 +(981.7)(12.944) 2 =207.35 xlO 3 mm 4 

J --Lbh 3 =— (50)(25) 3 = 65. 104x1 0 3 mm 4 
2 12 12 

d 2 = | y 2 -y\ = \-l2.5 - (-2.334)| = 10.166 mm 
I 2 =I 2 + A 2 d 2 = 65. 104 x 10 3 + (1250)(10.166) 2 = 194.288 x 10 3 mm 4 
I = I X +I 2 =401.16xl0 3 mm 4 =401.16xl0 -9 m 4 
y top =25 + 2.334 = 27.334 mm = 0.027334 m 


Tbot = _ 25 + 2.334 = -22.666 mm = -0.022666 m 


b * 4 y 


-My, 


top 


M -Pa = 0: M = Pa = (4 x 10 3 )(300 x 10“ 3 ) = 1200 N • m 

(1200)(0.027334) 


J top 


'bot 


401.16 xlO -9 


= -81.76x10° Pa 


<j top = -81.8 MPa A 


-44w = _ (1200)(-0.022666) = ^ x 1()6 p& 

/ 401.16 xlO -9 


'bot 


67.8 MPa ◄ 
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PROBLEM 4.193 

A steel band saw blade that was originally straight passes over 8 -in. -diameter pulleys 
when mounted on a band saw. Determine the maximum stress in the blade, knowing that 
it is 0.018 in. thick and 0.625 in. wide. Use E = 29 x 10 6 psi. 


SOLUTION 



Band blade thickness: 

t = 0.018 in. 


Radius of pulley: 

r = — d = 4.000 in. 
2 


Radius of curvature of centerline of blade: 



p = r + — t = 4.009 in. 
2 



c = — t = 0.009 in. 
2 


Maximum strain: 

s m = C = °' 009 = 0.002245 
m p 4.009 


Maximum stress: 

cj m =Es m = (29 x 10 6 )(0.002245) 



<7 m =65.1xl0 3 psi 

<7 m = 65.1 ksi -4 
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SOLUTION 




1 


/ ■ T / f //. 

LA- 

! 


U- CL 


T 1 i / 3 ^ 3 ^ 

7 = — bn = — a a = — 


c = - 


12 

a 


]_ 

12 


/ 

12 


Mc_ M f 


a 

12 


_ 6M 

^"max — 3 ^ 

a 


1 M 


M 


P El E al_ 
* 12 

For one triangle, the moment of inertia about its base is 




L = — bh 

12 12 ' ^72 


1 2 =/j = — 

2 1 24 


a 

24 


I = h+I 2 = 


12 


c = 


Me Ma/Jl (y-JlM 


72 / 

j___M 

h 12 


a 4 /12 


M 


1 12M 


/? Ea 



1 12M 


p Ea 4 
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40 mm 


60 mm 


PROBLEM 4.195 

Determine the plastic moment M p of a steel beam of the cross section shown, assuming 
the steel to be elastoplastic with a yield strength of 240 MPa. 


SOLUTION 


Let c\ be the outer radius and C 2 the inner radius. 



c, = 60 mm = 0.060 m 
c 2 = 40 mm = 0.040 m 

M p = j (240x1 0 6 )(0.060 3 - 0.040 3 ) 

= 48.64 xl0 3 N-m 


M p = 48.6 kN m ◄ 
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PROBLEM 4.196 


M = 300 N • m 




26 mm 
30 mm 


46 mm 
50 mm 


In order to increase corrosion resistance, a 2-mm-thick cladding of 
aluminum has been added to a steel bar as shown. The modulus 
of elasticity is 200 GPa for steel and 70 GPa for aluminum. For a 
bending moment of 300 N • m, determine (a) the maximum stress 
in the steel, ( b ) the maximum stress in the aluminum, (c) the radius 
of curvature of the bar. 


SOLUTION 

Use aluminum as the reference material. 
n - 1 in aluminum 

Cross section geometry: 


200 

70 


= 2.857 in steel 


Steel: A s = (46mm)(26mm) = 1196 mm 2 I s = —(46 mm)(26 mm) = 67,375 mm 4 

Aluminum: A a = (50 mm) (30 mm) - 1 196 mm 2 = 304 mm 2 

I a = mm) (30 mm 3 ) - 67,375 mm 4 = 45,125 mm 4 

Transformed section. 

/ = n a I a + n s I s = (1)(45, 125) + (2.857)(67,375) = 237,615 mm 4 = 237.615 x 10“ 9 m 4 
Bending moment. M = 300 N • m 

(a) Maximum stress in steel: n s = 2.857 y s = 13 mm = 0.013 m 


Q (2.857)(300)(0.013) 16 n ::1Q 6 pa 

' / 237.615 xlO" 9 

(b) Maximum stress in aluminum: n a - 1, y a - 15 mm = 0.015 m 

^6 i 


(1X300X0.015) = 1894xlQOpa 
I 237.615 x 10“ 9 


. El (70 x 10 9 )(237.615 x 10" 9 ) 

(c) Radius ot curvative: p = — p = 

M 300 


cr, = 46.9 MPa ◄ 

o a = 18.94 MPa ◄ 
p = 55.4 m -4 
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-80 mm- 


60 mm 


Section a-a 


PROBLEM 4.197 

The vertical portion of the press shown consists of a rectangular 
tube of wall thickness t = 10 mm. Knowing that the press has 
been tightened on wooden planks being glued together until P = 
20 kN, determine the stress at ( a ) point A, ( b ) point B. 


SOLUTION 


Rectangular cutout is 60 mm x 40 mm. 

A = (80X60) - (60X40) = 2.4 x 10 3 mm 2 = 2.4 x 10“ 3 m 2 

/ = _L(60)(80) 3 - -L(40)(60) 3 = 1.84 x 10 6 mm 4 

= 1.84 x 10 -6 m 4 

c = 40 mm = 0.040 m e - 200 + 40 = 240 mm = 0.240 m 
P = 20 x 10 3 N 

M = Pe = (20 x 10 3 )(0.240) = 4.8 x 10 3 N • m 


(a) 

P 

/r — 

Me _ 

20 x 10 3 

(4.8 x 10 3 )(0.040) _ 6 

O A — T- 

A A 

T 

2.4 x 10" 3 

c — ill,./ A iu rd 

1.84 xl0“ 6 

(b) 

P 

Me _ 

20 x 10 3 

(4.8 x 10 3 )(0.040) _ 6 

* B =-- 

I 

2.4 x 10“ 3 

c — yyj.yj ivj r <x 

1.84 xl0“ 6 


112.7 MPa ◄ 
-96.0 MPa ◄ 
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PROBLEM 4.198 

The four forces shown are applied to a rigid plate supported by a solid steel 
post of radius a. Knowing that P = 24 kips and a = 1.6 in., determine the 
maximum stress in the post when (a) the force at D is removed, ( b ) the forces 
at C and D are removed. 


SOLUTION 

For a solid circular section of radius a. 


A = na 


n 4 
/ = —a 
4 


Centric force: 

(a) Force at Z) is removed. 


F - 4F, M=M= 0 


F 4F 




F = 3F, M v = - Pa , M = 0 


_ _ F _ M^z _ _ ^ (-Pa)(-a) _ IP 


Tea 


fa 2 




(ft) Forces at C and F are removed. 

F = 2 P, 


= - Pa , = -Pa 


Resultant bending couple: M - yj M ^ = -JlPa 

_ _F__Mc_ IP TlPaa 2 + 4^2 i 5 

° ~ ~T 


na 


fa 2 


-2.437F/a 


flr a 


Numerical data: 
Answers: 



P = 24.0 kips, a = 1.6 in. 


(a) 

_ (7X24.0) 

<y = , 

a = -20.9 ksi ^ 

;r(1.6) 2 


(b) 

(2.437X24.0) 

° = n /r\2 

<y = -22.8 ksi ^ 
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PROBLEM 4.199 

The curved portion of the bar shown has an inner radius of 20 mm. 
Knowing that the allowable stress in the bar is 150 MPa, determine the 
largest permissible distance a from the line of action of the 3-kN force to 
the vertical plane containing the center of curvature of the bar. 


SOLUTION 


Reduce the internal forces transmitted across section AB to a force-couple system at the centroid of the 
section. The bending couple is 

M = P(a + 7) 

For the rectangular section, the neutral axis for bending couple only lies at 
*= * 


In— 

n 

Also, e = 7 - R 

The maximum compressive stress occurs at point A It is given by 

_ _P_ _ Myj_ _ _E_ _ Pifl + r)y A _ 


CTa = - 


A Aer ; 


Aer \ 


= -A 

A 


with 

Thus, 

Data: 


y a = R ~ r \ 


K = 1 + 


(a + r)(R- r t ) 



en 


h = 25 mm, r x - 20 mm, r 2 = 45 mm, r - 32.5 mm 


R = 


25 
111 20 


= 30.8288 mm, e = 32.5 - 30.8288 = 1.6712 mm 


b = 25 mm, A = bh = (25)(25) = 625 mm 2 = 625 x 10“ 6 m 2 R - r x = 10.8288 mm 
P = 3 x 10 3 N • m, a A = -150 x 10 6 Pa 


<j a A _ (-150 x 10°)(625 x 10“ 6 ) 


K 


3 x 10 3 


31.25 


j , — (^-IKi _ (30.25)Q.6712)(20) _ 


R — n 


a = 93.37 - 32.5 


10.8288 


= 93.37 mm 


a - 60.9 mm A 
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4001b 


Dimensions in inches 



PROBLEM 4.200 

Determine the maximum stress in each of the two machine 
elements shown. 


SOLUTION 


For each case, M = (400)(2.5) = 1000 lb • in. 
At the minimum section, 

I = — (0.5)(1.5) 3 = 0.140625 in 4 
12 

c = 0.75 in. 


(a) 


(b) 


Did = 3/1.5 = 2 
rid = 0.3/1. 5 - 0.2 
From Fig 4.32, K = 1.75 

_ KMc _ (1.75X1000X0.75) 

O'max / 0.140625 

Did = 3/1.5 = 2 rid = 0.3/1 .5 = 0.2 


psi 


From Fig. 4.31, K = 1.50 


^max 


(1.50)(1000)(0.75) = 800x1()3 
/ 0.140625 


CW = 9 - 33 ksi < 


CTmax = 8.00 ksi -4 
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120 mm 




1 

M > 



^ \ 





-*-10 mm 

L 


\ 


10 mm 


120 mm 


10 mm 


PROBLEM 4.201 

Three 120 x 10-mm steel plates have been welded together to form the 
beam shown. Assuming that the steel is elastoplastic with 
E = 200 GPa and o Y = 300 MPa, determine (a) the bending moment 
for which the plastic zones at the top and bottom of the beam are 
40 mm thick, ( b ) the corresponding radius of curvature of the beam. 


SOLUTION 





R 


(?3 

Px 

R. 


4 = (120)(10) = 1200 mm 2 

/?, = a r A l =(300x10 6 )(1200x10 _6 ) = 360x10 3 N 

A 2 =(30X10) = 300 mm 2 

R 2 =cr Y A 2 =(300x10 6 )(300x10 _6 ) = 90x10 3 N 

A 3 =(30X10) = 300 mm 2 

R 3 =^ a T A 2 =^-(300x10 6 )(300x10^) = 45x10 3 N 

y 1 = 65 mm = 65xl0^ 3 m y 2 = 45 mm = 45 x 10~ 3 m y 3 = 20 mm = 20 x 10 -3 m 


(a) M = 2 (R x y x + R 2 y 2 + R 3 y 3 ) = 2{(360)(65) + (90X45) + (45)(20)} 

= 56.7 x 10 3 N-m 

JV _o> _ Ey r _ (200 x 1 Q 9 )(30 x 1 Q~ 3 ) 

p E ^ <j y 300 xlO 6 


M — 56.7 kN • m ◄ 
p = 20.0 mm A 
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PROBLEM 4.202 

A short length of a W8 x 31 rolled-steel shape supports a rigid plate on which two 
loads P and Q are applied as shown. The strains at two points A and B on the 
centerline of the outer faces of the flanges have been measured and found to be 

s A = -550 x 10 -6 in./in. s B = -680 x 10 -6 in./in. 

Knowing that £ = 29 x 1 0 6 psi, determine the magnitude of each load. 


SOLUTION 

Strains: 


s A = -550 x 10 in./in. 


C u 

ao 


s B = —680 x 10 6 in./in. 


1 


1 


(s A + s B ) = -(-550 - 680)1 0 -6 = -615 x 10“ b in./in. 


"\-6 


Stresses : a A = Es A = (29 x 10 6 psi)(-550 x 10 6 in./in.) = -15.95 ksi 

a c = Es c = (29 x 10 6 psi)(— 6 1 5 x 10 -6 in./in.) = -17.835 ksi 


1 VATih, i J 

W8 x 31: 

A 

= 9.12 in 2 

,r r. 

-V 

A 


0 

M = (4.5 in.)(P - Q) 

s 

= 27.5 in 3 


At point C : 


At point A : 


P + Q n o-j<i • P + Q 
<7 r = : - 17.835 ksi = r- 

A 9.12 in 2 


P + g M 

A V 


; (4.5 in.)(P - Q) _ 


-15.95 ksi = -17.835 ksi 

27.5 in 3 

Solve simultaneously. P = 75.6 kips Q = 87.1 kips 


P + Q = 162.655 kips (1) 


P-Q = -11.5194 kips (2) 

P = 75.6 kips i ◄ 
Q = 87.1 kips i ◄ 
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PROBLEM 4.203 






Two thin strips of the same material and same cross 
section are bent by couples of the same magnitude 
and glued together. After the two surfaces of 
contact have been securely bonded, the couples are 
removed. Denoting by cr x the maximum stress and 
by p x the radius of curvature of each strip while 
the couples were applied, determine (a) the final 
stresses at points A, B, C, and D, ( b ) the final radius 
of curvature. 


SOLUTION 

Let b = width and t = thickness of one strip. 

Loading one strip, M - M x 

, l l3 1 
L = — bt\ c = —t 

1 12 2 

MiC crM, 
cr x = — — = — y 1 - 
/ bt 2 

J_ _ Mj_ _ 12 Mj_ 

p x EI X Et 3 

After Mi is applied to each of the strips, the stresses are those given in the sketch above. They are 

G a — _<T 1’ a B = G \-> G c — ~ G 1’ G d ~ G \ 

The total bending couple is 2 M x . 

After the strips are glued together, this couple is removed. 

M' = 2 M x , /' = — b(2tf = - bt 3 c = t 

1 12 3 

The stresses removed are 


a' = -^ = - 

2M x y 

3 M x y 

I 

\bt 2 

bt 2 

II 

1 

II 

1 

, , n , 3M, 1 

G B - G C - G I) - £ 2 “ 2 

2 1 
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PROBLEM 4.203 (Continued) 


(a) Final stresses: 


<?a = ~ ^2 <T| ) 


<?D 



J_ _ Af_ _ 2 Mj_ _ 3Mj_ _ 

~F~Fr~ EjbP ~ ~FF ~ 47 


(b) Final radius: 


j_ _ j L _ _ 2_L 

P P\ p' Pi 4 Pi 4 p x 


°a= < 

o B = o x < 

CJ C = (7\ ◄ 

a D = J&l < 
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PROBLEM 4.C1 


Aluminum 
Steel 



* f 


, h = 40 
T 1 


a \ 

b = 60 mm -► 



Two aluminum strips and a steel strip are to be bonded together to form 
a composite member of width b = 6 0 mm and depth h- 40 mm. The 
modulus of elasticity is 200 GPa for the steel and 75 GPa for the 
aluminum. Knowing that M = 1500N-m, write a computer program 
to calculate the maximum stress in the aluminum and in the steel for 
values of a from 0 to 20 mm using 2-mm increments. Using appropriate 
smaller increments, determine (a) the largest stress that can occur in the 
steel, (b) the corresponding value of a. 
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PROBLEM 4.C1 (Continued) 


For a = 0 to 20 mm using 2-mm intervals: compute: n , /, cr alum , cr steel . 

b - 60 mm h = 40 mm M = 1 500 N • m 
Moduli of elasticity: Steel = 200 GPa Aluminum = 75 GPa 

Program Output 


a 

mm 

I 

m 4 /10 6 

Sigma 

Aluminum 

MPa 

Sigma 

Steel 

MPa 

0.000 

0.8533 

35.156 

93.750 

2.000 

0.7088 

42.325 

101.580 

4.000 

0.5931 

50.585 

107.914 

6.000 

0.5029 

59.650 

111.347 

8.000 

0.4352 

68.934 

110.294 

10.000 

0.3867 

77.586 

103.448 

12.000 

0.3541 

84.714 

90.361 

14.000 

0.3344 

89.713 

71.770 

16.000 

0.3243 

92.516 

49.342 

18.000 

0.3205 

93.594 

24.958 

20.000 

0.3200 

93.750 

0.000 

Find 4 a ’ for max. steel stress and the corresponding aluminum stress. 

6.600 

0.4804 

62.447 

111.572083 

6.610 

0.4800 

62.494 

111.572159 

6.620 

0.4797 

62.540 

111.572113 


Max. steel stress = 111.6 MPa occurs when a = 6.61 mm. 
Corresponding aluminum stress = 62.5 MPa 
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f f y 

\ 


i 

1 

f V 

d t 

1 

► X 

A 

T 1 1 


I I 

k— h f -A 


PROBLEM 4.C2 

A beam of the cross section shown, made of a steel that is assumed to be 
elastoplastic with a yield strength <j y and a modulus of elasticity E , is bent 
about the v axis, (a) Denoting by y Y the half thickness of the elastic core, write 
a computer program to calculate the bending moment M and the radius of 
curvature p for values of y Y from 2-d to j-d using decrements equal 
to ^t f . Neglect the effect of fillets. ( b ) Use this program to solve Prob. 4.201 . 


SOLUTION 

Compute moment of inertia I x . 

/ x =^bfd 3 -±(b f -t w )(d-2t f ? 

Maximum elastic moment: M v = cr v ^ x 

7 7 (d/2) 

For yielding in the flanges , 

(Consider upper half of cross section.) c = y 

Stress at junction of web and flange : 

(d/2)-t f 

a A = a Y 

y Y 

Detail of stress diagram : Resultant forces : 




\ 


d ~2.tr 






a 3 — y Y ~ Vy Y ( c tf) ] 
3 


a 4 = 


2 

I 


(c-//) 
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Bending moment. 


Radius of curvature. 


PROBLEM 4.C2 (Continued) 


M = 2^R n 



I'-'l 


y Y — s Y p — p\ P — 

E Gy 


For yielding in the web , 
/tS - d/z 



(Consider upper half of cross section.) 


fir" h 


% (X 7 



Rj- CiJp 


«5 =c_ 2 ?/ 


a 6 ~ 2 [y y + v ^ 


a i - 


Bending moment. 


M = 2j j R„ 


Radius of curvature. 


y Y - s Y p — P P — 

E Gy 


Program : Key in expressions for a n and R n ioxn- \ to 7 . 


For y Y = c to (c - t f ) at - t f l 2 decrements, compute M = 2TR n a n for n = 1 to 4 and p = — — , then print. 

J J (j 


For y 7 = (c-t ) to c/3 at -C/2 decrements, compute M = TLR n a n for ft = 5 to 7 and p = — — , then print. 
Input numerical values and run program. 
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PROBLEM 4.C2 (Continued) 


Program Output 

For a beam of Problem 4.201 , 

Depth d = 140.00 mm Width of flange b f = 120.00 mm 

Thickness of flange = 10.00 mm Thickness of web t w = 10.00 mm 

/ = 0.00001 1600 m to the 4th 

Yield strength of steel sigmaT = 300 MPa 

Yield moment M Y = 49.71 kip • in. 


y Y (mm) M (kN • m) p (m) 


70.000 

For yielding still in the flange, 
49.71 

46.67 

65.000 

52.59 

43.33 

60.000 

54.00 

40.00 

60.000 

For yielding in the web, 

54.00 

40.00 

55.000 

54.58 

36.67 

50.000 

55.10 

33.33 

45.000 

55.58 

30.00 

40.000 

56.00 

26.67 

35.000 

56.38 

23.33 

30.000 

56.70 

20.00 

25.000 

56.97 

16.67 
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PROBLEM 4.C3 

An 8 kip • in. couple M is applied to a beam of the cross section shown 
in a plane forming an angle (3 with the vertical. Noting that the 
centroid of the cross section is located at C and that the y and z axes 
are principal axes, write a computer program to calculate the stress at 
A, B , C, and D for values of (3 from 0 to 180° using 10° increments. 
(Given: I y = 6.23 in 4 and I z =1.481 in 4 .) 


SOLUTION 


Input coordinates of A, B , C, D. 


Components of M . 


Equation 4.55 , Page 305: 


z a =z(1) = 2 y A = y(l) = 1.4 

z s = z ( 2 ) = -2 y B = y( 2 ) = 1 .4 

z c =z(3) = -l y c=y (3) = -lA 

2d= z (4) = 1 y D =>’( 4 ) = -l. 4 

M y = -M sin j3 
M z = M cos [3 

, , M y(n) M z(n) 

<j(n) = + — 4 

I I 

z y 


Program : For (3 - 0 to 180° using 10° increments. 


For n - 1 to 4 using unit increments. 
Evaluate Equation 4.55 and print stresses. 
Return 
Return 
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PROBLEM 4.C3 (Continued) 


Program Output 

Moment of couple: M = 8.00 kip • in. 

Moments of inertia: / = 6.23 in 4 I z =1.481 in 4 

Coordinates of Points A, B , Z), and E\ 


Point A: 

z(l) = 2: 

7 (1) = 1.4 

Point B: 

z(2) = -2: 

II 

Point D\ 

z(3) = -l: 

13 

ii 

Points 

z(4) = l: 

ii 


— Stress at Points — 


Beta 

o 

A 

ksi 

B 

ksi 

D 

ksi 

E 

ksi 

0 

- 7.565 

- 7.565 

7.565 

7.565 

10 

-7.896 

-7.004 

7.673 

7.227 

20 

- 7.987 

-6.230 

7.548 

6.669 

30 

-7.836 

-5.267 

7.193 

5.909 

40 

-7.446 

-4.144 

6.621 

4.970 

50 

-6.830 

-2.895 

5.846 

3.879 

60 

-6.007 

-1.558 

4.895 

2.670 

70 

-5.001 

-0.174 

3.794 

1.381 

80 

-3.843 

1.216 

2.578 

0.049 

90 

-2.569 

2.569 

1.284 

-1.284 

100 

-1.216 

3.843 

-0.049 

- 2.578 

110 

0.174 

5.001 

-1.381 

-3.794 

120 

1.558 

6.007 

-2.670 

— 4.895 

130 

2.895 

6.830 

-3.879 

-5.846 

140 

4.144 

7.446 

^1.970 

-6.621 

150 

5.267 

7.836 

-5.909 

-7.193 

160 

6.230 

7.987 

-6.669 

-7.548 

170 

7.004 

7.896 

-7.227 

-7.673 

180 

7.565 

7.565 

-7.565 

-7.565 
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PROBLEM 4.C4 



Couples of moment M = 2 kN • m are applied as shown to a curved bar 
having a rectangular cross section with h = 100 mm and b- 25 mm. Write 
a computer program and use it to calculate the stresses at points A and B for 
values of the ratio r x lh from 10 to 1 using decrements of 1, and from 1 
to 0.1 using decrements of 0.1. Using appropriate smaller increments, 
determine the ratio r x /h for which the maximum stress in the curved bar is 
50% larger than the maximum stress in a straight bar of the same cross 
section. 


SOLUTION 

Input : A = 1 00 mm, 

b- 25 mm, 

M - 2 kN • m 

^ i t M 

For straight bar, Straight =y 

_ 6 M 
~ h 2 b 
= 48 MPa 

Following notation of Section 4.15 , key in the following: 

r 2 = h + r x ; R = hi In (r 2 - r x ); 7 = r x +r 2 \ e = 7-R ; A = bh = 2500 (I) 

Stresses : cr A =cr l = M(r x - R)(Aer x ) a B - a 2 - M{r 2 -R)/(Aer 2 ) (II) 

Since h = 100 mm, for r x /h = 10, r x = 1000 mm. Also, r x /h = 10, r x = 100 
Program : For r x = 1000 to 100 at -100 decrements, 

using equations of Lines I and II, evaluate r 2 , R, 7 , e , <j x , and cr 2 
Also evaluate ratio = cr 1 /a , straight 

Return and repeat for r x = 100 to 10 at -10 decrements. 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


671 


PROBLEM 4.C4 (Continued) 


Program Output 

M = Bending moment = 2 kN • m h = 100.000 in. A = 2500.00 mm 2 
Stress in straight beam = 48.00 MPa 


n 

mm 

rbar 

mm 

R 

mm 

e 

mm 

°i 

MPa 

o- 2 

MPa 

r x /h 

ratio 

1000 

1050 

1049 

0.794 

-49.57 

46.51 

10.000 

-1.033 

900 

950 

949 

0.878 

-49.74 

46.36 

9.000 

-1.036 

800 

850 

849 

0.981 

-49.95 

46.18 

8.000 

-1.041 

700 

750 

749 

1.112 

-50.22 

45.95 

7.000 

-1.046 

600 

650 

649 

1.284 

-50.59 

45.64 

6.000 

-1.054 

500 

550 

548 

1.518 

-51.08 

45.24 

5.000 

-1.064 

400 

450 

448 

1.858 

-51.82 

44.66 

4.000 

-1.080 

300 

350 

348 

2.394 

-53.03 

43.77 

3.000 

-1.105 

200 

250 

247 

3.370 

-55.35 

42.24 

2.000 

-1.153 

100 

150 

144 

5.730 

-61.80 

38.90 

1.000 

-1.288 

100 

150 

144 

5.730 

-61.80 

38.90 

1.000 

-1.288 

90 

140 

134 

6.170 

-63.15 

38.33 

0.900 

-1.316 

80 

130 

123 

6.685 

-64.80 

37.69 

0.800 

-1.350 

70 

120 

113 

7.299 

-66.86 

36.94 

0.700 

-1.393 

60 

110 

102 

8.045 

-69.53 

36.07 

0.600 

-1.449 

50 

100 

91 

8.976 

-73.13 

35.04 

0.500 

-1.523 

40 

90 

80 

10.176 

-78.27 

33.79 

0.400 

-1.631 

30 

80 

68 

11.803 

-86.30 

32.22 

0.300 

-1.798 

20 

70 

56 

14.189 

-100.95 

30.16 

0.200 

-2.103 

10 

60 

42 

18.297 

-138.62 

27.15 

0.100 

-2.888 


Find >]/h for (cr max )/(< 

^straight) ^ 






52.70 

103 

94 

8.703 

-72.036 

35.34 

0.527 

-1.501 

52.80 

103 

94 

8.693 

-71.998 

35.35 

0.528 

-1.500 

52.90 

103 

94 

8.683 

- 71.959 

35.36 

0.529 

-1.499 


Ratio of stresses is 1.5 for r x - 52.8 mm or r x !h = 0.529. 


[TVote: The desired ratio r x !h is valid for any beam having a rectangular cross section.] 
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hn 




Ky 

* 




M 


h 2 


— b 2 ~* 


c 


h 





h 



PROBLEM 4.C5 

The couple M is applied to a beam of the cross 
section shown. ( a ) Write a computer program that, 
for loads expressed in either SI or U.S. customary 
units, can be used to calculate the maximum tensile 
and compressive stresses in the beam. ( b ) Use this 
program to solve Probs. 4.9, 4.10, and 4.1 1. 


SOLUTION 




h 2 


TdP 


a 2 


BASE 



ZoTToM 


Input: Bending moment M. 

For n = 1 to n . Enter b n and h n 

A Area = b n h n 

a n =a„-i+(K-i)/2 + h n /2 

[Moment of rectangle about base] 

Am - (AArea)a w 

[For whole cross section] 

m-m + Am; Area = Area + A Area 
Location of centroid above base . 

y = ml Area 

Moment of inertia about horizontal centroidal axis. 


(Print) 


For /? = 1 to n , 


a„=a n _ l +(h n _ l )/2 + h n /2 

AI = b n hl/l2 + (b n h n ){y-a n f 
I = I + AI 


Computation of stresses . 

Total height : For n = 1 to n, 

H - H + h n 

Stress at top : 

0 V =-M^y~ 


(Print) 


(Print) 


(Print) 


Stress at bottom: 


^bottom 


(Print) 
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PROBLEM 4.C5 (Continued) 


Problem 4.9 

Summary of cross section dimensions: 


Width (in.) 

Height (in.) 

9.00 

2.00 

3.00 

6.00 

Bending moment = 600.000 kip • in. 


Centroid is 3.000 mm above lower edge. 
Centroidal moment of inertia is 204.000 in 4 . 

Stress at top of beam = -14.706 ksi 


Stress at bottom of beam = 8.824 ksi 


Problem 4.10 


Summary of cross section dimensions: 


Width (in.) 

Height (in.) 

4.00 

1.00 

1.00 

6.00 

8.00 

1.00 


Bending moment = 500.000 kip • in. 

Centroid is 4.778 in. above lower edge. 
Centroidal moment of inertia is 155.1 1 1 in 4 . 
Stress at top of beam = -10.387 ksi 
Stress at bottom of beam = 15.401 ksi 
Problem 4.1 1 

Summary of cross section dimensions: 


Width (mm) 

Height (mm) 

50 

10 

20 

50 


Bending moment = 1500.0000 N • m 
Centroid is 25.000 mm above lower edge. 
Centroidal moment of inertia is 512,500 mm 4 . 
Stress at top of beam = -102.439 MPa 
Stress at bottom of beam = 72.171 MPa 
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PROBLEM 4.C6 



<1 




„ A solid rod of radius c = 1.2 in. is made of a steel that is assumed to be 




,y elastoplastic with E = 29,000 ksi and a Y = 42 ksi. The rod is subjected to a 





couple of moment M that increases from zero to the maximum elastic 




c i moment M Y and then to the plastic moment M Denoting by y Y the half 




thickness of the elastic core, write a computer program and use it to calculate 




the bending moment M and the radius of curvature p for values of y Y from 



1.2 in. to 0 using 0.2-in. decrements. (Hint: Divide the cross section into 80 

z' 



horizontal elements of 0.03 -in. height.) 


SOLUTION 


M Y = cr Y ^c 3 = (42 ksi)^(l .2 in.) 3 = 57 kip • in. 

M p = a Y E 3 = (42 ksi)-^-(1.2 in.) 3 = 96.8 kip • in. 

Consider top half of rod . 

Let i = Number of elements in top half. 

c 

Ah = Height of each element: Ah = — 



For n = 0 to / — 1 , Step 1: 
y = n(Ah) 

z = [c 2 -{(« + 0.5)A/z} 2 ] 

If y> y Y go to 100 
( n + 0.5)A h 

g e — °V 

go to 200 
100 ct f = <j y 
200 AArea = 2z(Ah) 

AForce =cr E (AArea) 
AMoment = AForce ( n + 0.5)A/z 
M = M + AMoment 
P = y Y Eto v 
Print y Y , M, and p. 

Next 


z at midheight of element 


■ Stress in elastic core 


<— Stress in plastic zone 


Repeat for y Y =1.2 in. 
to y Y — 0 

At -0.2-in. decrements 
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PROBLEM 4.C6 (Continued) 


Program Output 

Radius of rod = 1.2 in. 

Yield point of steel = 42 ksi 

Yield moment = 57.0 kip • in. 
Plastic moment = 96.8 kip • in. 

Number of elements in half of the rod = 40 


For y Y =1.20 in., 

M = 57.1 kip -in. 

Radius of curvature 

= 828.57 

in. 

For y Y =1.00 in., 

M = 67.2 kip • in. 

Radius of curvature 

= 690.48 

in. 

For y Y = 0.80 in., 

M = 76.9 kip -in. 

Radius of curvature 

= 552.38 

in. 

For y Y = 0.60 in., 

M = 85.2 kip -in. 

Radius of curvature 

= 414.29 

in. 

For y Y = 0.40 in., 

M = 91.6 kip - in. 

Radius of curvature 

= 276.19 

in. 

For y Y = 0.20 in., 

M = 95.5 kip -in. 

Radius of curvature 

= 138.10 

in. 

For y Y = 0.00 in., 

M = infinite 

Radius of curvature 

= zero 
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PROBLEM 4.C7 



The machine element of Prob 4.178 is to be redesigned by removing part 
of the triangular cross section. It is believed that the removal of a small 
triangular area of width a will lower the maximum stress in the element. 
In order to verify this design concept, write a computer program to 
calculate the maximum stress in the element for values of a from 0 to 
1 in. using 0.1 -in. increments. Using appropriate smaller increments, 
determine the distance a for which the maximum stress is as small as 
possible and the corresponding value of the maximum stress. 
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PROBLEM 4.C7 (Continued) 


Program Output 


a 

in. 

R 

in. 

ksi 

ksi 

/>, 

r 

e 

0.00 

3.855 

-8.5071 

2.1014 

0.00 

4.00 

0.145 

0.10 

3.858 

-7.7736 

2.1197 

0.08 

4.00 

0.144 

0.20 

3.869 

- 7.2700 

2.1689 

0.17 

4.01 

0.140 

0.30 

3.884 

-6.9260 

2.2438 

0.25 

4.02 

0.134 

0.40 

3.904 

-6.7004 

2.3423 

0.33 

4.03 

0.127 

0.50 

3.928 

-6.5683 

2.4641 

0.42 

4.05 

0.119 

0.60 

3.956 

-6.5143 

2.6102 

0.50 

4.07 

0.111 

0.70 

3.985 

-6.5296 

2.7828 

0.58 

4.09 

0.103 

0.80 

4.018 

-6.6098 

2.9852 

0.67 

4.11 

0.094 

0.90 

4.052 

-6.7541 

3.2220 

0.75 

4.14 

0.086 

1.00 

4.089 

-6.9647 

3.4992 

0.83 

4.17 

0.078 


Determination of the maximum compressive stress that is as small as possible. 


a 

in. 

R 

in. 

ksi 

ksi 

b\ 

r 

e 

0.620 

3.961 

-6.51198 

2.6425 

0.52 

4.07 

0.109 

0.625 

3.963 

-6.51185 

2.6507 

0.52 

4.07 

0.109 

0.630 

3.964 

-6.51188 

2.6591 

0.52 

4.07 

0.109 


Answer: When a = 625 in., the compressive stress is 6.51 ksi. 
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CHAPTER 5 






w 

PROBLEM 5.1 








B For the beam and loading shown, (a) draw the shear and bending-moment 
diagrams, ( b ) determine the equations of the shear and bending-moment 
curves. 

A 

T 

■ ^ 

* L 


SOLUTION 

Reactions: 


wL 


+)EM„ =0: BL-wL- — = 0 B = 


B 


Free body diagram for determining reactions: 

Over whole beam, 0 < x < L 
Place section at x. 

Replace distributed load by equivalent concentrated load. 


+tzF = 0: — - wx-V = 0 
y 2 


+)IM b = 0: -AL + wL ■ — = 0 A = — 


wL 


A 

wL 


Z 

A 

WL 

Z 




M 


I wx 






r5 


*v 


v = w\—- X \ ◄ 






+ )IM, = 0: x + wx- + M = 0 

J J 2 2 

W o 

M = —{Lx - x 2 ) 

2 


TV 


M = —x (L - x) ◄ 


Maximum bending moment occurs at x = — . 


-^max 0 ^ 
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i 

p 

PROBLEM 5.2 

A \ 

r* j 

For the beam and loading shown, (a) draw the shear and bending-moment 

J 

L 


diagrams, ( b ) determine the equations of the shear and bending-moment 


— a — ► 

h 

L 

curves. 


SOLUTION 


Pb 

L 






A 


i 

f 




^ LL * 

h b >\ 


Reactions: 


x Pb 

(+1M C = 0: LA - bP = 0 A = — 

+)IM a = 0: LC - aP = 0 C = 


From A to B, 0 < x < a 


4 Pb 

+T ZF = 0: V = 0 

J L 


x P6 

+ )XM, =0: M x = 0 

y J L 



L 


ax Pbx ^ 

M = ◄ 


L 


From B to C, a < x < L 


M 


+tlF = 0: F + — = 0 

y L 


G 


V 


U- 


M 



+)XM a: =0: -M + — (L - x) = 0 
L 


L 

v = -^< 

L 


M = Pa(Z ~ X) 4 

L 


At section 5, 


ax Pab M 

M = — t- ◄ 

L 2 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


682 


w 0 

PROBLEM 5.3 

A l^rrrrmTlTTlTT 

B 

For the beam and loading shown, (a) draw the shear and bending- 
moment diagrams, ( b ) determine the equations of the shear and bending- 
moment curves. 

r — — — — — —L — — — 



SOLUTION 

Free body diagram for determining reactions . 



Reactions: 
+ txF i; =0: R a 


w 0 L 


0 R a 


w 0 L 


m a =- 


-M A - 

f w <u 

2Z 1 


l 2 J 

3 J 

WqI? 

w 0 L 2 ( 


3 

3 ^ 



Use portion to left of the section as the free body. 


U) £ ^1 — 

3 q ^ 


ujX 


o 

3 


U) 0 L 

z 


> i|= 

- m f V; ' " 'i v 


i 


1 

2 L 




M 




— 2 ^ ^ — 

Replace distributed load with equivalent concentrated load. 

+tlF„=0: ^L-L^L. x -v = 0 

y 2 2 L 


w 0 L w n x' 


o- 1 


2L 


+)1Mj= 0 : 


w 0 Z 


w 0 Z 


O) + 


1 w 0 x 


2 L 


+ M = 0 


M = - 





WoL 2 w n Lx w 0 x 3 


■ + ■ 


6L 
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w 



PROBLEM 5.4 

For the beam and loading shown, (a) draw the shear and bending- 
moment diagrams, (b) determine the equations of the shear and bending- 
moment curves. 


SOLUTION 

Free body diagram for determining reactions . 

oj L 

A 


tV 








£> Reactions: 

+tzF = 0 : Ra - wL = 0 


R a = wL 


+>«,=<>: -M a -(wL)\± 1 = 0 

c 

Use portion to the right of the section as the free body. 


X 


\i(z 




n i ,li 



6 

f L-* 


V 


1 

ojLL-'X) 

f 




~2— 


6 


V 


Replace distributed load by equivalent concentrated load. 
+tzF^= 0 : V-w(L-x) = 0 

V = w( L - x ) ◄ 

L - x^ 


+)IMj = 0 : - M-w{L-x ) 


= 0 


M = - —(L - xf ◄ 
2 
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P 

| P 

PROBLEM 5.5 

1 

r B } 

f C 

For the beam and loading shown, (a) draw the shear and bending-moment 
diagrams, (b) determine the equations of the shear and bending-moment 
curves. 

A 

-* a *- 

a ► 


SOLUTION 


r .i 

r 

\ cm 



• f ;^3 

5 

V 

A 

6 C 


-P 


-29 

1* 



From A to B: 




5 


0 < x < a 

+t IF y = 0 : 

+)LM j = 0 : 


From B to C: 


a < x <2a 


B ■ 


fci + 1 YuF y - 0 : 


cx~ ■■ ^ J 
— 96 — 


a 


cr 

IfV 


+)IMj=0: 


-P-V = 0 


V =-P < 

Px + M = 0 

M = -Px ◄ 


-P-P-V = 0 


F = -2P ◄ 


Px + P(x - a) + M = 0 

M = -2 Px + Pa 4 
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,B C- 



T 


r 


a 


PROBLEM 5.6 

For the beam and loading shown, (a) draw the shear and bending-moment 
diagrams, ( b ) determine the equations of the shear and bending-moment 
curves. 


SOLUTION 

v 




wa 


Reactions: 


From A to B, 

3 


wa 


w 


Vt 


+1 2 F y = 0 : 


+JLM, = 0: 


From B to C, 

ZF y = 0 : 

+)SM 7 = 0: 

From C to D , 

+1 ZF y = 0: 

+)IMj = 0: 


A = D = wa 
0 < x < a 




wx 




M 


wa 




wa - wx -V = 0 


-wax + (wx)— + M = 0 


V = w(a - x) ◄ 


M = w 


X 

ax 

2 / 


a < x < L - a 
wa - wa -V = 0 


V = 0 ◄ 


-wax + wa\ x I + M = 0 M - — wa 1 A 


L - a < x < L 
V - w(L - x) + wa = 0 


- M - w(L - x) 


2 , 


V = w(L - x - a) A 
+ wa{L - x) - 0 


M = w 


a(L - x) + -^(L - x) 2 
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3 kN 2 kN 5 kN 2 kN 



A c\ 

u 

u 

u 


1 






■ 

0.3 m 

0.3 m 

0.3 m 

0.4 m 


PROBLEM 5.7 

Draw the shear and bending-moment diagrams for the beam and 
loading shown, and determine the maximum absolute value (a) of 
the shear, ( b ) of the bending moment. 


SOLUTION 

Origin at A : 


I 


1 3W 

* cl p\ s_ 


f 6 


<Tk» 


L 0.3 

| C>>3^r> 

1 0>3 ~>r> l 



Reaction at A: 


\lF y = 0: R a - 3-2 + 5- 2 = 0 R a = 2 kN( 

+)IM a = 0: M A - (3 kN)(0.3 m) - (2 kN)(0.6 m) + (5 kN)(0.9 m) - (2 kN)(1.3 m) = 0 

M a = 0.2 kN • m ◄ 


From .4 to C: 


-V ,» 2, a. ^,=0: r = 2 kN 

OdkN-%, t v v x 

+;^M 1 = 0: 0.2 kN • m - (2 kN)x + M = 0 

M — —0.2 + 2x 


From C to Z): 




v? . 






3/t--V 




0 ' 3 -»> i ® r 


+ |XF„ =0: 2-3 -V = 0 

V = -lkN 

+)EM 2 =0: + 0.2 kN • m - (2 kN)x + (3 kN)(x - 0.3) + M = 0 

M = 0.1 -x 


From D to E: 


U 




\**» SF = 0: V + 5-2 = 0 V = -3 kN 


> 

^ 1 kP K/y 

0.9 - * [ 


' 1 



')SM 3 = 0: - M + 5(0.9 - x) - (2)(1 .3 — x) = 0 

M = +1.9 -3x 
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PROBLEM 5.7 (Continued) 


From E to B: 



(a) \V\ = 3.00 kN ◄ 

v 7 I Imax 

0 b ) \M\ = 0.800 kN • m ◄ 
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100 lb 

2501b 

10( 

>ib PROBLEM 5.8 

C 

\d e ' 

Draw the shear and bending-moment diagrams for the beam 

AT 

B and loading shown, and determine the maximum absolute value 

i 

L 

B 

k 

(a) of the shear, ( b ) of the bending moment. 

1 15 in. 

20 in. 

25 in. 

10 in. 



SOLUTION 

Reactions: 


\oo \\& 

\ 

i -SO \b 

i 




i 


\oo \b 


+)SM C = 0: R e ( 45 in.) + 100 lb(15 in.) - 250 lb(20 in.) - 100 lb(55 in.) = 0 

+iZF„ = 0: R r + 200 lb - 100 lb - 250 lb - 100 lb = 0 


R e = 200 lb 


R c = 250 lb 


At any point, V is the sum of the loads and reactions to the left (assuming +j) and M the sum of their moments 
about that point (assuming +)). 



* 


M Ob- 



(a) V max =150.0 lb ◄ 




(b) M max = 1500 lb - in. ◄ 
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PROBLEM 5.8 (Continued) 


Detailed computations of moments : 

M a =0 

M c = -(100 lb)( 1 5 in.) = -1500 lb • in. 

M d = -(100 lb)(35 in.) + (250 lb)(20 in.) = +1500 lb • in. 

M e = -(100 lb)(60 in.) + (250 lb)(45 in.) - (250 lb)(25 in.) = -1000 lb • in. 

M b = -(100 lb)(70 in.) + (250 lb)(55 in.) - (250 lb)(35 in.) + (200 lb)(10 in.) = 0 


(Checks) 
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SOLUTION 

The distributed load is replaced with an equivalent concentrated load of 45 kN to compute the reactions. 


(25kN/m)(1.8m) = 45 kN 

+JLM a = 0: -(40 kN)(0.6 m) - 45 kN(1.5 m) - 40 kN(2.4 m) + R B ( 3.0 m) = 0 

R b = 62.5 kN 


A'LFy = 0: 

At C: 

+tsF v = 0: 

+')IM 1 = 0: 


R a + 62.5 kN - 40 kN - 45 kN - 40 kN = 0 

R a = 62.5 kN 


V = 62.5 kN 

M = (62.5kN)(0.6m) = 37.5 kN • m 



c. 

1 

4 S)cN 
1 o 





40 k H HOk N 



A C 


At centerline of the beam: 



+\zF y = 0: 62.5 kN - 40 kN - (25 kN/m)(0.9 m) - V = 0 

V = 0 
+)EM 2 = 0: 

6=2 .ski] 

> 

1 O.kf rv\ J 

H 

iSrlcN / rs\ 

M - (62.5 kN)(1.5 m) + (40 kN)(0.9 m) + (25 kN/m)(0.9 m)(0.45 m) = 0 


r f f / /L / 



M = 47.625 kN • m 

(.Z5 kN 1 

1 ® 



1 1 

HokN 
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PROBLEM 5.9 (Continued) 


Shear and bending-moment diagrams : 

vCJJ'O 





(a) \V\ = 62.5 kN ◄ 

v y I Imax 


MCk 




0 b ) \M\ = 47.6 kN • m ◄ 

v y I Imax 


From A to C and D to B, V is uniform; therefore M is linear. 
From C to D, V is linear; therefore Mis parabolic. 
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2.5 kips/ft 


15 kips 






C ' 

f D 



6 ft 


3 ft 


6 ft 


PROBLEM 5.10 

Draw the shear and bending-moment diagrams for the beam and loading 
shown, and determine the maximum absolute value (a) of the shear, 
( b ) of the bending moment. 
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3kN 


3kN 


450 N • m 


T 


t o 


PROBLEM 5.11 

Draw the shear and bending-moment diagrams for the beam and loading 
shown, and determine the maximum absolute value (a) of the shear, 






300 mm 

■ V 
200 

V ‘ 

mm 

300 mm 


B ( b ) of the bending moment. 


SOLUTION 


V (kW) 




^yLM B = 0: (700X3) - 450 + (300)(3) - 10004 = 0 
A = 2.55 kN | 

^)ZM a = 0: - (300)(3) - 450 - (700X3) + 10005 = 0 
B = 3.45 kN 

V = 2.55 kN M = 0 

V = 2.55 kN 

M 

a 

v 


At A: 

A to C: 
AtC: 




C to E : 
At D: 


* 300 

2.SS 
V = -0.45 N • m 

I'i 


+)EM C = 0: 
-(300X2.55) + M = 0 
M = 765 N • m 


t-3oo -4*00 
7.SS 


l - M 

L -o 


+)ZM d = 0: 



At E: 






c 


At B: 


U3oa * 

3.4S 

V = 3.45 kN, M = 0 


-(500X2.55) + (200X3) + M = 0 
M = 675 N • m 
+)EM d = 0: 

-(500X2.55) + (200X3) - 450 + M = 0 
M = 1 125 N • m 

+JLM e = 0: 

-M + (300)(3.45) = 0 
M = 1035 N • m 


(a) \V\ = 3.45 kN A 

v y I Imax 

(b) |M| max =1125N -m ◄ 
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400 lb 1600 lb 400 lb 



PROBLEM 5.12 

Draw the shear and bending-moment diagrams for the beam and 
loading shown, and determine the maximum absolute value (a) of 
the shear, ( b ) of the bending moment. 


SOLUTION 

V (A.) 

A E 


4oo 


-40 O 


+)IM g = 0: -16 C + (36)(400) + (12)0600) 
- (12)(400) = 0 


± +^F x = 0: -C + G x = 0 


-2000 


4 


IF,, = 0: -400 - 1600 + G„ - 400 = 0 


C = 18001b 


G x = 1800 lb 


G y = 2400 lb 


M 



A to E : 

E to /•': 

Fto B: 

At A and B, 


V = -400 lb 

V = -2000 lb 

V = 400 lb 
M = 0 


4(X> 


4 oo 

V 

. — 

— » 

fe 1 

l-K-J 


6 

V 





At D, 
At D + , 
At E, 
At FT 

MFt 


+)IM d = 0: 02X400) + M = 0 
+)IM d = 0: 02X400) - (8)(1800) + M = 0 
+)IM e = 0: (24)(400) - (8)0800) + M = 0 
+)IM f = 0: -M - (8X1800) - (12)(400) = 0 M = -19,200 lb • in. 

+)IM f = 0: -M - 02X400) = 0 


M = -4800 lb • in. 
M = 9600 lb • in. 
M = 4800 lb • in. 


M = -4800 lb • in. 




r 


V 

(a) 

(b) 


Maximum | V\ = 2000 lb 4 
Maximum \M\ = 19,200 lb • in. 4 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


695 


1.5 kN 1.5 kN 

PROBLEM 5.13 


J 

\ 

Assuming that the reaction of the ground is uniformly distributed, draw 

A 


B the shear and bending-moment diagrams for the beam AB and determine 



< no™ > 


the maximum absolute value (a) of the shear, (b) of the bending 


0.3 m 

* u.y m * 

0.3 m 

moment. 


SOLUTION 


I.SfciO 


i.skid 


A pinmiiiinlnTt “ 

A— , o . 4 


8 


7 


I.5- 1 




v (kfO 



M (W**0 





Over the whole beam, 

+t ZF y = 0: 1.5iv- 1.5-1.5 = 0 

r m J 

- X ItM/m 

^ to C: 0 < x < 0.3 m 


4 


EF„ = 0: 2x - F = 0 


+)eM, = 0: -(2x) 
AtC7 x = 0.3 m 


+ M = 0 


F = 0.6 kN, M = 0.090 kN • m 
= 90 N • m 

CtoZ): 0.3 m < x < 1.2 m 

+txF =0: 2x - 1.5 - F = 0 


+)IMj = 0: -(2x) 


w = 2 kN/m 


F = (2x) kN 
M = (x 2 ) kN • m 

I.S-fcv 


,(*0.3.. 


tumtt 

O/ 




v 


F = (2x - 1.5) kN 


+ (1.5)(x - 0.3) + M = 0 

.2 


M = (x - 1.5x + 0.45) kN • m 

At the center of the beam, x = 0.75 m 

F = 0 M = -0.1125 kN-m 
= -1 12.5 N • m 


AtC 


x = 0.3 m, F = -0.9 kN 


(a) Maximum \V\ = 0.9 kN = 900 N 4 
0 b ) Maximum \M\ = 1 12.5 N • m ◄ 
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2 kips/ft 

24 kips 

2 kips/ft 

PROBLEM 5.14 





C Dt 

* 




Assuming that the reaction of the ground is uniformly distributed, draw 

A 


B the shear and bending-moment diagrams for the beam AB and determine 






the maximum absolute value (a) of the shear, ( b ) of the bending moment. 


3 ft 

3 ft 

^ 3 ft 

* 3 ft * 



SOLUTION 

24 kv'p^ 

2. 


in 


2 


j 2 k £ 1 1 


m 


JB 

W 


3f* 3 ft 2>ff 3f* 



K-3^V-H 

2 kips/fif 

1 I Ol£ ,*p 

V 


j . j . >t 


3 k»rs/ft 


Over the whole beam, 

+txF v = 0: 12 w - (3X2) - 24 - (3)(2) = 0 w = 3 kips/ft 
A to C: (0 < jc < 3 ft) 

2 k>p£/W 


AtC, 


At d; 



+ IZF =0: 3x - 2x - V = 0 


F = (x) kips 


+ZM, = 0: — (3x)— + (2x)— + M = 0 M - (0.5x 2 ) kip • ft 

x = 3 ft 
F = 3 kips, M = 4.5 kip • ft 
CtoD: (3 ft < x < 6 ft) 


ZF V = 0: 3x - (2)(3) - V = 0 


V = (3x - 6) kips 


+)i;MA = 0: -(3x) 3j + (2X3) ^x - -J + M = 0 

M = (1.5x 2 - 6x + 9) kip • ft 

x = 6 ft 


V = 12 kips, M = 21 kip • ft 
D to B: Use symmetry to evaluate. 


(a) Tlmax = 12.° 0ki pS ◄ 

(b) |M| max =27.0 kip -ft ◄ 
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10 kN 

3 kN/m 


c 



A F 


4 



1.5 m 1.5 m 2.2 m 


100 mm 


M 

200 mm 


PROBLEM 5.15 

For the beam and loading shown, determine the maximum 
normal stress due to bending on a transverse section at C. 


SOLUTION 



Using CB as a free body, 

+)IM C = 0: -M + (2.2)(3 x 10 3 )(1.1) = 0 

M = 7.26 x 10 3 N • m 

Section modulus for rectangle: 

S = - bh 2 
6 

= — (100)(200) 2 = 666.7 x 10 3 mm 3 
6 

= 666.7 xl0“ 6 m 3 


Normal stress: 


M 

(7 = 


7.26 xlO 3 
666.7 xl0“ 6 


= 10.8895 xlO 6 Pa 


a = 10.89 MPa ◄ 
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750 lb 750 lb 



PROBLEM 5.16 

For the beam and loading shown, determine the maximum 
normal stress due to bending on a transverse section at C. 


SOLUTION 


! 50 l b/,Tr llSO 

1111,04 

D 


l&5oib 


A 


Reactions: C = A by symmetry. 

+\lf' y =0: A + C - (2)(750) - (12)(150) = 0 

A = C = 16501b 

Use left half of beam as free body. 

+JLM e = 0: 

— (1 650)(6) + (750)(2) + (150)(6)(3) + M = 0 
M = 5700 lb • ft = 68.4 x 10 3 lb • in. 


Section modulus: 




(3)(12) 2 = 72 in 3 


Normal stress: 


M 

(7 = 


68.4 x 10 3 
72 


= 950 psi 


c = 950 psi 4 
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SOLUTION 


|Z16 fed 



Use entire beam as free body. 

+)i : m b = 0: 

-4.8 A + (3.6)(216) + (1.6)(150) + (0.8)050) = 0 
A = 237 kN( 


j Z.\(o kM 

I 


qo kQ/M y 


1A 


237 UNl 


v 


Use portion AC as free body. 

+)SM C = 0: 

M - (2.4)(237) + 0-2X216) = 0 

M = 309.6 kN-m 

For W460 x 1 13, S' = 2390 x 10 6 mm 3 

Normal stress: 

_M__ 309.6 xlQ 3 N-m 
^ ~ S 2390 x 10 -6 m 3 

= 129.5 xlO 6 Pa 


<j = 129.5 MPa ◄ 
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30 kN 50 kN 50 kN 30 kN 



PROBLEM 5.18 

For the beam and loading shown, determine the maximum normal 
stress due to bending on section a-a. 


SOLUTION 


Reactions: By symmetry, A = B 

+| T,F y = 0 : A = B = 80 kN j 


Using left half of beam as free body, 



+)IMj = 0 : 

-(80)(2) + (30X1.2) + (50)(0.4) + M = 0 

M = 104 kN • m = 104 x 10 3 N • m 


For W310 x 52, S' = 747 x 10 3 mm 3 

= 747 x 10 _6 m 3 


Normal stress: 



104 xlO 3 
747 x 10“ 6 


139.2 xlO 6 Pa 


a = 139.2 MPa ◄ 
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PROBLEM 5.19 

For the beam and loading shown, determine the maximum 
normal stress due to bending on a transverse section at C. 


SOLUTION 

Use portion CB as free body. 

+ )XM C = 0: -M + (3)(2. 1)(1 .05) + (8)(2.1) = 0 

M = 23.415 kN • m = 23.415 x 10 3 N • m 



2 kW 

& 


For W3 10 x 60, 5 = 844 x 10 3 mm 3 
= 844 x 10 -6 m 3 


, \M\ 

Normal stress: a - j — 1 


23.415 x 10 3 
844 x 10 -6 


27.7 x 10 6 Pa 


a = 27.7 MPa ◄ 
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5 5 2 2 2 


kips kips kips kips kips 




S8 X 18.4 


PROBLEM 5.20 

For the beam and loading shown, determine the maximum normal 
stress due to bending on a transverse section at C. 


SOLUTION 

5 5 2. Z Z 



' i 


t ' 

f 

L 







A 






B 


Use entire beam as free body. 

+)ZM b = 0: 

—90 A + (75X5) + (60)(5) + (45)(2) + (30)(2) + (15)(2) = 0 
A = 9.5 kips | 



^•5 


M 


Use portion AC as free body. 

+ )XM C = 0: M - (15)(9.5) = 0 

M = 142.5 kip • in. 


For 58x18.4, 5 = 14.4 in 3 

xt , M 142.5 

Normal stress: a - — = 

S 14.4 

a = 9.90 ksi A 
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25 kips 1 

1 25 kips 

1 25 kip 

r C 

\ 

L_ \ 



- 


- 6ft 

as 


1 ft 2 ft 


2 ft 


S12 X 35 


PROBLEM 5.21 

Draw the shear and bending-moment diagrams for the beam 
and loading shown and determine the maximum normal stress 
due to bending. 
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SOLUTION 


Statics: Consider portion AB and BE separately. 


00 KtJ/m 

A 


N 


jWlkM 

CA.) | yOom 

8 £ W * P 


°[ io khl 


L 


Portion BE\ 

+JLM e = 0 : 

(96)(3.6) + (48)(3.3) - C(3) + (160)(1.5) = 0 
C = 248 kN T 
E = 56 kN T 


M A = M b = M e = 0 




ft 

<\i>^ 

UHm' 
48 


DM 

V 




6 

/6oA//| 


p« 


B C1j 


V"P .♦ 

<Uivt 


%kN 


At midpoint of AB: 

£F y =0: V = 0 

EM=0: M = (96X1.2) - (96X0.6) = 57.6 kN • m 
Just to the left of C: 

YjF y = 0: V = -96 - 48 = -144 kN 

SM C = 0: M = -(96)(0.6) - (48)(0.3) = -72 kN 
Just to the left of D: 

Y.F y = 0: F = 160-56 = +104 kN 

EM d =0: M = (56)(l-5) = +84 kN • m 
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PROBLEM 5.22 (Continued) 



From the diagram, 

\M\ = 84 kN • m = 84 x 10 3 N • m 

I I max 

For W310 x 60 rolled-steel shape, 

S x = 844 x 10 3 mm 3 
= 844 x 10 _6 m 3 
\M\ 

Stress: a m = 1 lmax 
m S 


84 x 10 3 
844 x 10“ 6 


99.5 xlO 6 Pa 


a m = 99.5 MPa ◄ 
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PROBLEM 5.23 

Draw the shear and bending-moment diagrams for the beam 
and loading shown, and determine the maximum normal 
stress due to bending. 


SOLUTION 




Free body EFGH . Note that M E = 0 due to hinge. 


+)IM e = 0: 0.6 H - (0.2X40) - (0.40)(300) 
H = 213.33 N 

+tzF y = 0: V E - 40 - 300 + 213.33 = 0 
V E = 126.67 N 

Shear: 



EtoF\ V = 126.67 N • m 

FtoG: V = 86.67 N • m 

G to H: V = -213.33 N • m 

Bending moment at F: 

+)SM f = 0: M F - (0.2X126.67) = 0 


E F 

fl 



M F = 25.33 N • m 
Bending moment at G: 

+JLM g = 0: -M g + (0.2X213.33) = 0 
M g = 42.67 N • m 
Free body ABCDE . 



+)EM b = 0: 0.6 A + (0.4X300) + (0.2)(300) 

-(0.2X126.63) = 0 
A = 257.78 N 

+)SA7 4 = 0: -(0.2X300) - (0.4X300) - (0.8)(126.67) + 0.6£> = 0 
D = 468.89 N 
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PROBLEM 5.23 (Continued) 


Bending moment at B . 



ISl.n, V 


A 



iS7.~n V 


7 13.S3 



V 


+ )ZM 6 = 0: - (0.2X257.78) + M B = 0 
M b = 51.56 N • m 

Bending moment at C . 

+)XM C = 0: - (0.4X257.78) + (0.2X300) 
+ M C = 0 
M c = 43.1 1 N • m 

Bending moment at D . 

+)ZM d =0: -M d - (0.2X213.33) = 0 
M d = -25.33 N • m 


max|M| = 51.56 N -m ◄ 

5 = I bh 2 = — (20)(30) 2 
6 6 

= 3xl0 3 mm 3 = 3xl0“ 6 m 3 
Normal stress: 

a = 51 ' 56 , = 17.19 xlO 6 Pa 
3 x 10 -6 

a = 17.19 MPa ◄ 
\v\ = 342 N ◄ 

\m\ = 516N-m ◄ 

I I max 
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64 kN • m 
C 


-2m- 


24 kN/m 


D 


-2m- 


-2 m- 


S250 X 52 


PROBLEM 5.24 

Draw the shear and bending-moment diagrams for the beam 
and loading shown and determine the maximum normal stress 
due to bending. 


SOLUTION 


*24* kt V'rfYt 



Reactions: 

+)1LM D = 0: A A - 64 - (24)(2)(1) = 0 A = 28 kN) 
+| ILF =0: -28 + D- (24)(2) = 0 D = 76 kN) 


y 

A to C: 0 < x < 2m 

A 




5 +lZF y = 0: - F - 28 = 0 

F = -28 kN 


M 


28 kM 






+)EM / = 0: M + 28* = 0 
M = (-28*) kN • m 
C to D: 2m < x < 4m 

64W,w ‘ '|ZF;=0: - F - 28 = 0 

M F = -28 kN 

^ +)HMj = 0: M + 28* - 64 = 0 

M = (-28* + 64) kN • m 
D to 4m < x < 6m 

Z+krJ/vv, + |^ F ^ =0 . 

F - 24(6 - *) = 0 
F = (-24* + 144) kN 

+)Z Mj = 0: 

' 6 - Xl = o 




(6-X^) V 


-M - 24(6 - jc) 

M = -12(6 - xf kN • m 
max|M| = 56 kN • m = 56 x 1 0 3 N • m 

For S250 x 52 section, S = 482 x 10 3 mm 3 


Normal stress: a 


\M\ _ 56 x 10 3 N • m 
S 482 x l(r 6 m 3 


116.2 xlO 6 Pa 
a = 116.2 MPa ◄ 
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5 kips 


10 kips 



PROBLEM 5.25 



W14 X 22 


Draw the shear and bending-moment diagrams for the beam 
and loading shown, and determine the maximum normal stress 
due to bending. 
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PROBLEM 5.26 

Knowing that W = 12 kN, draw the shear and bending-moment 
diagrams for beam AB and determine the maximum normal 
stress due to bending. 


SOLUTION 




By symmetry, A = B 

A^F y = 0: 

A — 8 + 12 — 8 -T .5 — 

A - B = 

= 2 kN 

Shear: A to C~: 

V = 2kN 

C + to D~: 

V = -6 kN 

D + to E~: 

V = 6kN 

E + to B: 

V = -2 kN 

Bending moment: 

At C, +) 1M c = 

0: M c - (1)(2) = 0 

A C 





Zk\) 


V 


At A 


+™ D =0: M d - (2X2) + (8)0) = 0 


By symmetry, M = 2 kN • m at D. 

max|M| = 4.00 kN • m occurs at E. 


= 6.00 kN .4 


M c = 2 kN • m 


M r 


-4 kN • m 


M e = 2 kN • m 


For W310 x 23.8, S x = 280 x 10 3 mm 3 = 280 x 10 _6 m 3 


Normal stress: 


W\n 


4x10 


3 


280x10 


-6 


14.29x10° Pa 


14.29 MPa ◄ 
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PROBLEM 5.27 

Determine (< a ) the magnitude of the counterweight W for which 
the maximum absolute value of the bending moment in the beam 
is as small as possible, ( b ) the corresponding maximum normal 
stress due to bending. {Hint: Draw the bending-moment diagram 
and equate the absolute values of the largest positive and 
negative bending moments obtained.) 


SOLUTION 

By symmetry, 


A=B 



+ \^F y 

A 

Bending moment at C: 

+>M C 

M c 

Bending moment at D : 

+>M Z) 

M d 

Equate: 

-m d 

{a) W = 10.6667 kN 



+ I2F, =0: A-8 + W-8 + B = 0 


r- | 

s -osw 

s 


7 

V 


M c 


i 


& 


M n = M r W -8 = 8-0.5W 


jt- I fv\ -J 

%-o.S'w V 

W = 10.67 kN ◄ 


M c = -2.6667 kN • m 
M d = 2.6667 kN -m = 2.6667.10 3 N • m 
|M| max = 2.6667 kN • m 

For W310 x 23.8 rolled-steel shape, 


= 280 x 10 3 mm 3 = 280 x 10“ 6 m 3 


(P) a n 


\M\ 


^ - 2-6667x10 - 9.52 x 10 6 Pa 


280x10 


-6 


^max = 9.52 MPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


712 


5 kips 


10 kips 

L 



4 

— a — 

8ft 

-*—5 ft— ► 


PROBLEM 5.28 

Determine (a) the distance a for which the maximum absolute 
value of the bending moment in the beam is as small as 
wi 4 x 22 possible, ( b ) the corresponding maximum normal stress due to 
bending. (See hint of Prob. 5.27.) 


SOLUTION 

Reaction at B\ 

Bending moment at D : 


+yLM c = 0: 5a- (8)(10) + 13R B = 0 


Bending moment at C: 


Equate: 


Then 


r b = — ( 80 - 5 a) 


+)XM d = 0: -M d + 5R b =0 
M d = 5 R B = A(80 - 5a) 


<5 


H c 


|— 5 ft- 


£ 

T 

A 


& 


+)M C =0 5 a + M c = 0 


Mr 


-5a 



M c - M D 


5a = — (80 - 5a) 

13 

a = 4.4444 ft 

—M c = M d = (5)(4.4444) = 22.222 kip • ft 
|M|max - 22.222 kip • ft = 266.67 kip • in. 


For W14 x 22 rolled-steel section, S = 29.0 in 
Normal stress: 


M 266.67 . 

g = — = = 9.20 ksi 

S 29.0 


7,0 ki p: 

A 


c 


ko- 


J 


V\J 

(i a ) a = 4.44 ft 4 


(b) 9.20 ksi ◄ 
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PROBLEM 5.29 

Knowing that P = Q = 480 N, determine (a) the distance a for 
which the absolute value of the bending moment in the beam is 
as small as possible, (b) the corresponding maximum normal 
stress due to bending. (See hint of Prob. 5.27.) 


SOLUTION 


Reaction at ^4: 



M 

c< c 


*o.Sw, 


J 




Bending moment at D: +)~LM D = 0: -M D - 480(1 - a) = 0 

M d = -480(1 -a) N • m 




(a) Equate: 


■M d = M c 480(1 -a) = 480- — 


a = 0.86603 m 


V I 

cM 


0^ 


U- 


a = 866 mm A 


(b) For rectangular section, S = —bh 

6 


A = 128.62 N M c = 64.31 N • m M D = -64.31 N • m 

1**2 


5 = — (12)(13) Z = 648 mm" = 648 x 10“ 9 m 3 

6 


\M\ n 


64-31 99.2xl0 5 6 Pa 


6.48x10“ 


99.2 MPa ◄ 
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PROBLEM 5.30 



12 mm 


r 

18 mm 

I 


Solve Prob. 5.29, assuming that P = 480 N and Q = 320 N. 

PROBLEM 5.29 Knowing that P = Q = 480 N, determine 
(a) the distance a for which the absolute value of the bending 
moment in the beam is as small as possible, ( b ) the 
corresponding maximum normal stress due to bending. (See 
hint of Prob. 5.27.) 


SOLUTION 

P = 480 N Q = 320 N 

Reaction at A: =0: Aa + 480 (a - 0.5) - 320(1 - a) = 0 


A = 800 - 


560 


N 


Bending moment at C: + > )ZM C = 0: -0.5 A + M c = 0 

280 


M c = 0.5A = | 400 


N-m 


s- 


C *) C 

=0 


V 


Bending moment at D: + > )2M Z) = 0: -M D - 320(1 - a) = 0 

M d = (-320 + 320 a) N • m 



K 



Cl?2>7j=>V 

' & 




(a) Equate: -M D = M c 320 - 320a = 400 

a 

320 a 2 + 80a - 280 = 0 a = 0.81873 m, -1.06873 m 

Reject negative root. 

A = 1 16.014 N M c = 58.007 N-m M D = -58.006 N • m 


a = 819 mm M 


(b) For rectangular section, S = —bn 

6 


S = — (12)(18) 2 = 648 mm 3 = 648 x 10“ 9 m 3 

6 


W\ n 


58.0065 
648 x 10 -s 


89.5 x 10 S 6 Pa 


89.5 MPa ◄ 
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PROBLEM 5.31 

Determine ( a ) the distance a for which the absolute value 
of the bending moment in the beam is as small as possible, 
(b) the corresponding maximum normal stress due to bending. 
(See hint of Prob. 5.27.) 
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d 

PROBLEM 5.32 




b a 




=^0 

A solid steel rod of diameter d is supported as shown. Knowing that for 





steel y - 490 lb/ft 3 , determine the smallest diameter d that can be 



L = 10 ft 

— I 

used if the normal stress due to bending is not to exceed 4 ksi. 


SOLUTION 

Let W = total weight. 

Reaction at ^4: 


W = ALy = ^d 2 Ly 


A = -W 
2 


Bending moment at center of beam: 

+)IM C = 0: - 


W 


W 


+ M = 0 


,, 1FZ, 7T ,2 r2 

M = = — d Ly 

8 32 


For circular cross section, [c = ^d J 


/ = -c 4 
4 ’ 


Normal stress: 


S = - = -c 2 = —d 3 
c 4 32 


M _ § d 2 L 2 y l}y 


32 ‘ 


Solving for d , 
Data: 


lV 


z = 10 ft = (12X10) = 120 in. 

y = 490 lb/ft 3 =^- = 0.28356 lb/in 3 

12 3 

a = 4 ksi = 4000 lb/in 2 


d = 


(120) 2 (0.28356) 

4000 



d = 1.021 in. ◄ 
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D 




-1.2 m- 


-1.2 m- 


-1.2 m- 


i*i 

i> 


PROBLEM 5.33 

A solid steel bar has a square cross section of side b and is 
supported as shown. Knowing that for steel p = 7860 kg /m 3 , 
determine the dimension b for which the maximum normal stress 
due to bending is {a) 10 MPa, ( b ) 50 MPa. 
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w 



PROBLEM 5.34 

Using the method of Sec. 5.2, solve Prob. 5.1a. 

PROBLEM 5.1 For the beam and loading shown, ( a ) draw the shear and 
bending-moment diagrams, ( b ) determine the equations of the shear and 
bending-moment curves. 


SOLUTION 

+ = 0: -AL + wL ■ — = 0 A = — 

J B 2 2 

+VM, =0: BL-wL-— = 0 B = — 
y A 2 2 
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j 

p 

PROBLEM 5.35 

A 

\ 

\b c 

Using the method of Sec. 5.2, solve Prob. 5.2 a. 


J 


- 

-t h > 

PROBLEM 5.2 For the beam and loading shown, ( a ) draw the shear and 
bending-moment diagrams, ( b ) determine the equations of the shear and 



T 



bending-moment curves. 


SOLUTION 


At At 
A to B~: 


+)IM C = 0: LA-bP = 0 
+)IM a = 0: LC-aP = 0 


A 


Pb_ 

L 



V = A 


Pb_ 

L 


M = 0 


0 < x < a 

w = 0 \^wdx = 0 


V-V A =0 


At B + , 
B + to C: 


, , ,, j [aPb Pba 

M B ~M A =\ () Vdx = \ Q —dx = — 


V = A-P=™-p = -P 1 
L L 


w 


a < x < L 
0 \ x wdx = 0 

Ja 


v c -v B =o 


M c -M b = \ L Vdx = -—{L -d) = 

la L L 


M c =M b - 


Pab Pba Pab 


= 0 



V = 



m b 



V = 


Pa_ 

~L 


◄ 


1^1 max 
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^0 


I 


^rrUXUSSL 


PROBLEM 5.36 

Using the method of Sec. 5.2, solve Prob. 5.3a. 

PROBLEM 5.3 For the beam and loading shown, (a) draw the shear 
and bending-moment diagrams, (b) determine the equations of the shear 
and bending-moment curves. 


SOLUTION 


Free body diagram for determining reactions . 



Reactions: 


+ r 

% 

II 

o 

V A - 

w 0 L 

2 

= 0 

v A = W « L 
A 2 

+)IM a = 0: 

-M 

4 ( 

w 0 L ^ 
2 , 

o 

II 

ah, 





M A = 

A 3 

X 

W=Wn , 

V — 

w 0 L 

, M 

w 0 L 2 

V A ~ 

2 ' 

A ~ 3 

dV _ 

-w = - 

w 0 x 


dx 

L 




0 L 2 L 


— = V - 
dx 2 2L 


v = 3L 

2 


w o x 

2L 


M-M A =\;Vdx = \l 


w 0 L 


w a x 

2L 


dx 


= w o L v w o* 


6L 


M = - 


W n L 


w 0 L 


x - ■ 


6L 
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PROBLEM 5.37 



Using the method of Sec. 5.2, solve Prob. 5.4a. 

PROBLEM 5.4 For the beam and loading shown, (a) draw the shear 
and bending-moment diagrams, ( b ) determine the equations of the shear 
and bending-moment curves. 


SOLUTION 

+t IF y = 0: V a -wL = 0 V a = wL 


+yLM A = 0: -M - = 0 M A = 
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PROBLEM 5.38 

Using the method of Sec. 5.2, solve Prob. 5.5a. 

PROBLEM 5.5 For the beam and loading shown, (a) draw the shear and 
bending-moment diagrams, ( b ) determine the equations of the shear and 
bending-moment curves. 


SOLUTION 



-2P 


1 * 



At A: 
Over AB: 


At point B\ 
At point B + : 

Over BC\ 


At B: 


V A =-P 

dV n 

= -w = 0 

dx 


dM 

dx 


V = V A = -P ◄ 


M = -Px + C 
M - 0 at x = 0 Cj = 0 

x - a M - -Pa 
V = -P - P = -2P 
dV 

= -w = 0 

dx 


M = -2 Px + C 9 


x - a M = -Pa 


-Pa = -2 Pa + C 2 C 2 = Pa 


M = -Px< 


dM 

dx 


V = -IP ◄ 


M = -2 Px + Pa 4 


At C: 


x - 2 a M = -3/U 
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w w 



PROBLEM 5.39 

Using the method of Sec. 5.2, solve Prob. 5.6a. 

PROBLEM 5.6 For the beam and loading shown, (a) draw the shear and 
bending-moment diagrams, ( b ) determine the equations of the shear and 
bending-moment curves. 


SOLUTION 






Reactions: A = D = wa 

Aio B\ 0 < x < a w = w 

V A - A - wa , M A = 0 

V -V A = -j*wdx = -wx 


V = w(a - x) A 


clM 

dx 


V = wa - wx 


M - M A = \ x 0 Vdx = { () '(vva - wx)dx 


V B = 0 M b = 2 wa 2 


M = wax - — wx 2 -4 
2 


B to C: 


a < x < L - a 

dM 


dx 


= V = 0 


V = 0 ◄ 


M - M b - \ x a Vdx = 0 


M = M 


B 


M = — wa 2 ^ 
2 
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PROBLEM 5.39 (Continued) 


C to D: 


M 


L - a < x < L 

V -V c = -\ x L _ a wdx = -w[x - (L - a)] 

V = w[L -x-a)] ◄ 


- M c = \l a Vdx = l X L _ a -w[x - (L - a)]dx 


= ~W 


= ~W 


y - (L - a) x 


L-a 


-W 


- — (L - a)x - — — — + (L - a ) 2 
2 2 


x 2 .. . (L - a ) 2 

(L - a)x + — 

2 2 


1 2 

M = —wa - w 
2 


y - (Z - fl)jC + ^ y 1 
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3kN 2kN 5kN 2 kN PROBLEM 5.40 


A c\ 

u 

u 

u 

r Using the method of Sec. 5.2, solve Prob. 5.7. 







PROBLEM 5.7 Draw the shear and bending-moment diagrams 
for the beam and loading shown, and determine the maximum 

0.3 m 

0.3 m 

0.3 m 

0.4 m 


absolute value (a) of the shear, ( b ) of the bending moment. 


SOLUTION 

Free body diagram for determining reactions . 

Reactions: 

+| 1F y = 0: V A - 3 kN - 2 kN + 5 kN + 2 kN = 0 
V A = 2 kN 

+)ZM A =0: M A - (3 kN)(0.3 m) - (2 kN)(0.6 m) + (5 kN)(0.9 m) - (2 kN)(1.3 m) = 0 
M A = 0.2 kN • m 

Between concentrated loads and the vertical reaction, 
the scope of the shear diagram is <f>, i.e., the shear is 
constant. Thus, the area under the shear diagram is equal 
to the change in bending moment. 

A to C: 

V = 2 kN M c -M a = +0.6 M c = + 0.4 kN 
C to D: 

V = - 1 kN M d - M c = - 0.3 M d = + 0. 1 kN • m 
D to E: 

V = -3 kN M e -M d = - 0.9 M e = - 0.8 kN • m 
E to B : 

V = +2 kN M B -M E = +0.8 M b = 0 (Checks) 




(1 

0.2 


1 3kN xZto 
\c \d 


i 2k» 


| c 0.3 W j|_ Q‘Z frj Q.3 7n 


O 


V 

+2!tH 

f) 

M 


Sk* 




. (-0.3) 

4-^- 


(- 0 . 1 ) 


(+0.&) 


-O.Z/M'M 


£ 

-3kN 


+2kA/ 




-ik# 

toM Is//, tr) 

C D XV // / / / 
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1001b 


2501b 


1001b PROBLEM 5.41 


1 c 1 

\d e ' 

Using the method of Sec. 5.2, solve Prob. 5.8. 

A| 

B 

1 ^ 


gj 


PROBLEM 5.8 Draw the shear and bending-moment diagrams 





for the beam and loading shown, and determine the maximum 

1 15 in. 

20 in. 

25 in. 

10 in. 

absolute value (a) of the shear, ( b ) of the bending moment. 


SOLUTION 

Free body diagram for determining reactions . 

Reactions: 

+| = 0 : V C + V E - 100 lb - 250 lb - 100 lb = 0 

V C = V E = 450 lb 

+)IM C = 0 : V E (45 in.) + (100 lb)(15 in.) - (250 lb)(20 in.) - (100 lb)(55 in.) = 0 
V E = 200 lb 


.-. V c = 250 lb 


Between concentrated loads and the vertical reaction, the vOb) 
scope of the shear diagram is 0, i.e., the shear is constant. 

Thus, the area under the shear diagram is equal to he change 
in bending moment. 

A 


loo lb 
IA < 


z$0\b 






j I5i< i. 


. 1 ZS i A • 




r r 

k 1 


\oo lb 
e> 


A to C: 

V = -100 lb, M c -M a = -1500, M c = -1500 lb • in. 
C to D\ 

V = 150 lb M D -M C = +3000, M d = +1500 lb • in. 
D to E\ 

V = -100 lb, M e -M d = -2500, M e = -1000 lb • in. 
E to B\ 

V = 100 lb, M B -M E = +1000, M B = 0 (Checks) 


150 


(-\SOCj) 




too 


( r 2SOo') 


(jr[OOd) 





9C ( \ 
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25 kN/m 


£ 


D 


I 40 kN 40 kN I 


0.6 m 


1.8 m 


0.6 m 


PROBLEM 5.42 

Using the method of Sec. 5.2, solve Prob. 5.9. 

PROBLEM 5.9 Draw the shear and bending-moment diagrams for the 
beam and loading shown, and determine the maximum absolute value 
(a) of the shear, ( b ) of the bending moment. 


SOLUTION 

Free body diagram to determine reactions : 

+)ZM„ = 0: 

V b (3.0 m) - 45 kN(l .5 m) - (40 kN)(0.6 m) - (40 kN)(2.4 m) = 0 
V B = 62.5 kN 

+| ZF =0: V A - 40 kN - 45 kN - 40 kN + 62.5 kN = 0 


V A = 62.5 kN 


Va 


| MSVM 

1 

i 

IS k.M/nr> 

tLumuuuu 


0.<® | \ .£> no 

0,(#m 

1 1 



V* 




t+Okj^ 


Change in bending moment is equal to area under shear diagram. 


A to C: 

(62.5 kN)(0.6 m) = 37.5 kN • m 

C to E: 

2(0.9 m)(22.5 kN) = 10.125 kN • m 

E to D : 

2(0.9 m)(- 22.5 kN) = -10.125 kN • m 

D to B : 

(-62.5 kN)(0.6 m) = -37.5 kN • m 
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PROBLEM 5.43 

Using the method of Sec. 5.2, solve Prob. 5.10. 

PROBLEM 5.10 Draw the shear and bending-moment diagrams for the 
beam and loading shown, and determine the maximum absolute value 
(a) of the shear, ( b ) of the bending moment. 


SOLUTION 





Kips 

If 


IBkiyi 


-6 ft -4-3 6 &- 


T 





Reactions at supports A and B : 

+>M b = 0: -15(^) + 02X6X2.5) + (6)05) = 0 
^=18 kips 

+£M a = 0: ]5R b - (3)(6)(2.5) - (9)(15) = 0 
R b = 12 kips 

Areas under shear diagram: 

A to C: (6)(3) + 1(6)05) = 63 kip • ft 

C to D: (3X3) = 9 kip • ft 

D to B: (6)(-12) = -72 kip • ft 

Bending moments: 

m a = o 

M c = 0 + 63 = 63 kip • ft 
M d = 63 + 9 = 72 kip • ft 

M B = 12-12 = 0 
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SOLUTION 



V(kn') 


- 2 






O 



X 


+)ZM b = 0: 

-3 A + (1)(4) + (0.5)(4) = 0 

A = 2 kN T 

+)ZM a = 0: 3 B- (2X4) - (2.5)(4) = 0 

B = 6 kN T 

Shear diagram: 

A to C: F = 2 kN 

C to D: V = 2 - 4 = -2 kN 

Z) to B: V = -2 - 4 = -6 kN 

Areas of shear diagram: 

A to C: fVdx = (1X2) = 2 kN • m 

C to D: fVdx = (IX— 2) = -2 kN • m 

Z) to J = (l)(-6) = -6 kN • m 

Bending moments: 

m a = o 

M c _ = 0 + 2 = 2 kN-m 

M . = 2 + 4 = 6 kN • m 

c + 

M _ = 6- 2 = 4 kN-m 

D 

M D+ =4 + 2 = 6kN • m 
M B =6-6 = 0 


(a) \V\ = 6.00 kN ◄ 

v y I Imax 

c b ) |M| max = 6.00 kN • m ◄ 
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> ^ 

s F PROBLEM 5.45 

75 mm 


7 

- 

B Draw the shear and bending-moment diagrams for the beam and 


A 1 C 

300 NT 

loading shown, and determine the maximum absolute value (a) of 
300 N T the shear, ( b ) of the bending moment. 


200 mm 200 mm 

200 mm 


SOLUTION 



+yLM A = 0 : 

0.075 F ef - (0.2X300) - (0.6)(300) = 0 
F ef = 3.2 x 10 3 N 

±~^F X = 0: A x - F ef =0 A x = 3.2 x 10 3 N 

+| ZF y = 0: A y - 300 - 300 = 0 

A y = 600 N 


Couple at D : 

M d = (0.075)(3.2 x 10 3 ) 


= 240 N • m 

Shear: 


A to C: 

V = 600 N 

C to B\ 

V = 600 - 300 = 300 N 

Areas under shear diagram: 

A to C: 

\Vdx = (0.2)(600) = 120N-m 

C to D: 

J V dx = (0.2)(300) = 60 N • m 

D to B : 

J V dx = (0.2)(300) = 60 N • m 

Bending moments: 

m a = o 


M c = 0 + 120 

= 120 N -m 


M D _ = 120 + 60 = 180 N • m 
M d+ = 180 - 240 = -60 N • m 
M b = -60 + 60 = 0 

Maximum |F| = 600 N A 
Maximum |M| = 180.0 N • m A 
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10 kN 



100 mm 

M 

200 mm 


PROBLEM 5.46 

Using the method of Sec. 5.2, solve Prob. 5.15. 

PROBLEM 5.15 For the beam and loading shown, determine 
the maximum normal stress due to bending on a transverse 
section at C. 


SOLUTION 


V 



Mfk.N.m) 



+)XM C = 0: 

-3 A + (1.5X10) - (UX2.2X3) = 0 
A = 2.58 kN 

+)LM a = 0: 

-(1.5X10) + 3 C - (4.1X2.2X3) = 0 
C = 14.02 kN 

Shear: 

A to D~: V = 2.58 kN 

D + to C~: V = 2.58 - 10 = -7.42 kN 

C\ V = -7.42 + 14.02 = 6.60 kN 

B: V = 6.60 - (2.2X3) = 0 


Areas under shear diagram: 

A to D: fVdx = (1.5)(2.58) = 3.87 kN -m 

D to C: \Vdx = (1 ,5)(— 7.42) = -11.13 kN • m 

C to B: } Vdx = £j (2.2)(6.60) = 7.26 kN • m 


Bending moments: 

m a =o 

M d = 0 + 3.87 = 3.87 kN • m 
M c = 3.87 - 11.13 = -7.26 kN • m 
M b = 126 - 7.26 = 0 

\m c \ = 7.26 kN • m = 7.26 x 10 3 N • m 
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PROBLEM 5.46 (Continued) 


For rectangular cross section, 


Normal stress: 


S = -bh 2 = f-VoO)(200 ) 2 

6 y6j 

= 666.67 x 10 3 mm 3 = 666.67 x 10“ 6 m 2 



7.26 xlO 3 
666.67 x 10 -6 


= 10.89 x 10 6 Pa 


10.89 MPa ◄ 
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750 lb 750 lb 



PROBLEM 5.47 

Using the method of Sec. 5.2, solve Prob. 5.16. 

PROBLEM 5.16 For the beam and loading shown, determine the 
maximum normal stress due to bending on a transverse section at C. 


SOLUTION 



Reactions: C - A by symmetry 

+| YjF y - 0: A + C - (2)(750) - (12)(150) = 0 

A = C = 16501b 

Shear: 

V A = 16501b 

V c _ = 1650 - (4)(1 50) = 1050 lb 
V c+ = 1050 - 750 = 3001b 
V E = 300 - (2)(150) = 0 





For rectangular cross section, 


Normal stress: 


Areas under shear diagram: 


A to C: 


\Vdx 


v2y 


(1650 + 1050)(4) 


= 5400 lb • ft 

f i \ 

C to E: \Vdx= - (300)(2) = 300 lb • ft 

\2J 

Bending moments: 

m a =o 

M c = 0 + 5400 = 5400 lb • ft 
M e = 5400 + 300 = 5700 lb • ft 


M e = 5700 lb • ft = 68.4 x 10 s lb • in. 


1 ? 

5 = —bh 2 = 
6 


bi \ 


v6y 


(3)(12) 2 = 72 in 3 


<J = 


\M\ 68.4 x10 s ncn . 

- — 1 = 950 psi 

72 


◄ 
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30 kN 50 kN 50 kN 30 kN 



PROBLEM 5.48 

Using the method of Sec. 5.2, solve Prob. 5.18. 

PROBLEM 5.18 For the beam and loading shown, determine 
the maximum normal stress due to bending on section a-a. 


SOLUTION 


V (UM'l 
I 8o 



Reactions: By symmetry, A = B. 

+\ZF y =0: A = B = 80 kN T 
Shear diagram: 

A to C: V = 80 kN 

C to D: V = 80- 30 = 50 kN 

DtoE: V = 50-50 = 0 

Areas of shear diagram: 

A to C: J Vdx = (80X0.8) = 64 kN • m 

C to D: J Vdx = (50X0.8) = 40 kN • m 

DtoE : l Vdx = 0 

Bending moments: 

m a =o 

M c = 0 + 64 = 64 kN • m 
M d = 64 + 40 = 104 kN • m 
M e = 104 + 0 = 104 kN • m 


\M\ = 104kN-m = 104xl0 3 N-m 

I I max 

For W310 x 52, S = 747 x 10 3 mm 3 = 747 x 10 _6 m 3 

\M\ 104 xlO 3 * 

Normal stress: a = - — - = t = 139.2 x 10 6 Pa 

S 747 xlO -6 


a = 139.2 MPa ◄ 
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5 5 2 2 2 


kips kips kips kips kips 



-< — 6 @ 15 in. = 90 in. — ► 


PROBLEM 5.49 

Using the method of Sec. 5.2, solve Prob. 5.20. 

PROBLEM 5.20 For the beam and loading shown, determine the 
maximum normal stress due to bending on a transverse section at C. 


SOLUTION 


5 5: 2 22 



Use entire beam as free body. 

+JLM b = 0 : 

-90 A + (75)(5) + (60X5) + (45)(2) + (30)(2) + (15)(2) = 0 
A = 9.5 kips t 


Shear ,4 to C: V - 9.5 kips 

Area under shear curve A to C: \V dx - (15)(9.5) 

= 142.5 kip • in. 

M A = 0 

M c = 0 + 142.5 = 142.5 kip • in. 

For S8x 18.4, 5 = 14.4 in 3 

xt , M 142.5 

Normal stress: <7 = — = 

*5 14.4 


a = 9.90 ksi A 
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PROBLEM 5.50 

Determine (a) the equations of the shear and bending-moment curves for 
the beam and loading shown, ( b ) the maximum absolute value of the 
bending moment in the beam. 


SOLUTION 


dV 

dx 


-w 


-Wn — 


1_ 

V 12 


1/2 


^0* 

rl/2 


v = -i^ + C] 


3 L 


1/2 


V = 0 at x = L 


0 - -—w 0 L + Q 


2 

Ci = -w 0 L 


dM 

dx 


M 


2 2 2 w 0 x 

C? + —WnLx 

2 3 0 3 5 L ] 


. 5/2 


1/2 


M = —Wn.Lx 

3 0 


4 w 0 x' 


, 5/2 


15 L l 


1/2 


2 

■ —WnL 

5 0 


F =-WaL- - 


. 3/2 


^0* 

rl/2 


M = 0 at x - L 


0 = C + — w 0 Z 

3 0 15 0 


Ca = WrX 


K 


occurs at v = 0 


\m\ = 

I max 


2 


■Wn. 
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PROBLEM 5.51 

Determine (< a ) the equations of the shear and bending-moment curves for 
the beam and loading shown, ( b ) the maximum absolute value of the 
bending moment in the beam. 


SOLUTION 


dV 

dx 

V 

M 

V 
M 


—w = — Wn COS - 


n x 
' 2L 


ILwn. . nx 


Vr\ JLA, _ dM 

— -sin — + C = 

n 2 L dx 


4 L Wr) 7TX 

z-^-cos 1- CiV + C 7 

n 2 2L 1 2 

0 at x = 0. Hence, Q = 0. 

4L 2 Wn 

0 at x — 0. Hence, C 2 = 

n 


( a ) V = -(2Zw 0 /^)sin(^"x/2Z) 4 
M = -(4L 2 w 0 /tt 2 )[\ - cos(>rx/2Z)] ◄ 
|M| m> = 4 vfiln- ■* 
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PROBLEM 5.52 

Determine (< a ) the equations of the shear and bending-moment curves for 
the beam and loading shown, ( b ) the maximum absolute value of the 
bending moment in the beam. 


SOLUTION 


(a) 


dV . nx 

= —w - — w n sin — 

dx L 


V = 3L 

71 

u 


^0 
nx 


cos - 


L 

nx 


+ C - 


dM 


sin ■ 


n 


M - 0 at x = 0 
M - 0 at x-L 


dx 

+ C^x + C2 
C 2 = 0 

0 = 0 + C^L + 0 

c =0 



0 


at x 


L 

~2 


I'M 


u = W ° L 

mnv 


n 


max 0 

n 


sin - 


w 0 L nx . 

V = — 1 — cos — ◄ 
n L 


M = 


Wr,l} . nx 
— V-sin — 
n 2 L 


◄ 


M 


max 


W()L 


n 


◄ 
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W=w of 



PROBLEM 5.53 


Determine (a) the equations of the shear and bending-moment curves for 
. x the beam and loading shown, (b) the maximum absolute value of the 
bending moment in the beam. 


SOLUTION 


dV 

dx 


-w = -w n — 


V - — w n — + C, 
2 0 L 


dM 

dx 


M = — w, 

6 G L 


'q 1" C\X + C*2 


M - 0 at x = 0 C 2 = 0 


M = 0 at x-L 0 = — w 0 L +C X L C { = —w 0 L 


(a) 


l x z 1 t2 
V — — w n 1 


V = -w 0 (L 2 -3 x 2 )IL ◄ 
6 


M = — w 0 — + — w n Lx 


6 


' o 1 


M=-w 0 (Lx-x 3 /L) ◄ 
6 


d M o o 

(b) M m . x occurs when = V = 0. L 2 - 3x;„ = 0 

v / IIldA t In 

dx 


x m = 


S 


^max . W 0 

6 


^Z 2 


L 


2 A 


V3 3V3 


^m 9 i - 0.0642w n Z 2 ◄ 
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3 kips/ft 




S10 X 25.4 


PROBLEM 5.54 

Draw the shear and bending-moment diagrams for the beam and 
loading shown and determine the maximum normal stress due to 
bending. 


SOLUTION 


3 WCp*/ 


V > 

: j 

: 5 

’ 3 

: 5 

4 <= 5- 

> 








+)EM C = 0: R d ( 10) - (5.5)(15)(3) = 0 R D = 24.75 kips T 

+)ZM d = 0: (4.5)(15)(3) - 7? c (10) = 0 R c = 20.25 kips T 

Shear: 

V A = 0 

V c = 0 - (2)(3) = -6 kips 
V c+ = -6 + 20.50 = 14.25 kips 
V d _ = 14.25 - (10)(3) = -15.75 kips 
V d+ = -15.75 + 24.75 = 9 kips 
V B =9- (3X3) = 0 

Locate point E where V = 0: 

e 10 — e 

= e = 4.75 ft 10-e = 5.25 ft 

14.25 15.75 


Areas of shear diagram: 

A to C: 

II 

C to E: 

II 

E to D: 

II 

D to B\ 

II 


(2)(-6) = -6 kip • ft 


(4.75X14.25) = 33.84375 kip • ft 
(5.25X-15.75) = -41.34375 kip • ft 


(3X9) = 13.5 kip • ft 
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16 kN/m 



1 m 



S150 X 18.6 


PROBLEM 5.55 

Draw the shear and bending-moment diagrams for the beam 
and loading shown, and determine the maximum normal 
stress due to bending. 


SOLUTION 


+)IM b =0: -2.5 A + (1 .75)(1 ,5)(1 6) = 0 
A = 16.8 kN 

+)IM a =0: -(0.75) + (1.5X16) + 2.55 = 0 
B = 7.2 kN 


Shear diagram: 


V A - 16.8 kN 


V c = 1 6.8 - (1 .5)(1 6) = -7.2 kN 


Locate point D where V = 0. 


V B = -7.2 kN 


1.5 -d 


24 d = 25.2 


16.8 7.2 

d= 1.05 m 1.5 -d = 0.45 m 


Areas of the shear diagram: 
A to D : 

D to C : 

C to B : 

Bending moments: 


Vdx= - 


Vdx = 


f i 3 


(1.05)(16.8) = 8.82 kN -m 


(0.45)(-7.2) = -1.62 kN • m 


y 


J 

| Vdx = (1)( — 7.2) = -7.2 kN • m 


m a = o 

M d =0 + 8.82 = 8.82 kN-m 
M c =8.82-1.62 = 7.2 kN-m 
M b - 7.2 -7.2 = 0 


Maximum \M\ = 8.82 kN • m = 8.82xl0 3 N • m 


V (kWl 






For S150xl8.6 rolled-steel section, S' = 120xl0 3 mm 3 =120x10 6 m 3 

XI , IMI 8.82xl0 3 , in6 „ 

Normal stress: cr = = = 73.5x1 0 6 Pa 

S 120X10" 6 


rr = 73.5 MPa ◄ 
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9kN 


12 kN/m 



0.9 m 


3 m 


W200 X 19.3 


PROBLEM 5.56 

Draw the shear and bending-moment diagrams for the beam 
and loading shown and determine the maximum normal 
stress due to bending. 


SOLUTION 


V (k»0 



M (kpV) 



+)ZM C = 0: (0.9)(9) - (1.5)(3)(12) + 38 = 0 

B = 15.3 kN 

+)ZM b = 0: (3.9X9) -3 C + (1.5)(3)(12) = 0 

C = 29.7 kN 

Shear: 

A to C: V = -9 kN 

C + : V = -9 + 29.7 = 20.7 kN 

B : V = 20.7 - (3X12) = -15.3 kN 

\V\ = 20.7 kN ◄ 

I 'max 


Locate point E where V = 0 
e 3 - e 


20.7 15.3 

e = 1.725 ft 


36e = (20.7X3) 
3-e = 1.275 ft 


Areas under shear diagram: 

A to C: fVdx = (0.9)(9) = 8. 1 kN • m 


C to E: 


E to B\ 



(1.725)(20.7) = 17.8538 kN • m 


(-1.275)(15.3) = -9.7538 kN • m 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


744 


PROBLEM 5.56 (Continued) 


Bending moments: 

M a = 0 

M c = 0 -8.1 = -8.1 kN -m 

M e = -8.1 + 17.8538 = 9.7538 kN • m 

M b = 9.7538 - 9.7538 = 0 

|m| = 9.7538 x 10 3 N • m at point E ◄ 

j Imax 1 

For W200 x 19.3 rolled-steel section, S = 162 x 10 3 mm 3 = 162 x 1(T 6 m 3 


Normal stress: 


\m\ _ 9.7538 xio 3 
S ” 162 x 10 -6 


60.2 xlO 6 Pa = 60.2 MPa 

a = 60.2 MPa ◄ 
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1600 lb 


I 


1.5 ft 


80 lb/ft 


in 





- 9 ft 


1.5 in. 
+1 


11.5 in. 


PROBLEM 5.57 

Draw the shear and bending-moment diagrams for the beam 
and loading shown, and determine the maximum normal 
stress due to bending. 
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SOLUTION 


500 1\» 


25 lb/.*. 


I l l l 


1 


& 







K\^\t •»n.') 



+)IM b = 0: ^(16) - (4X40X25) - (24)(500) = 0 R A = 1000 lb i 

+)IM a = 0: R b ( 16) - (20)(40)(25) - (40)(500) = 0 R B = 2500 lb t 

Shear: 

Vj = -1000 lb 

V B = -1000 - (16)(25) = -1400 lb 
V, = -1400 + 2500 = 11001b 

B 

v c = 1100- (24)(25) = 500 lb 
Areas of shear diagram: 

A to B: j 'Vdx = ^-(-1000 - 1400)(16) = -19,2001b • in. 

B to C: \Vdx = (1100 + 500)(24) = 1 9, 200 lb • in. 

Bending moments: 

M A - 0 

M b = 0 - 19,200 = -19,2001b • in. 

M c = -19,200 + 19,200 = 0 

Maximum |m| = 19.2 kip • in. 

For S4x7.7 rolled-steel section, S = 3.03 in 3 

1^1 19.2 

Normal stress: a = - — - = — — = 6.34 ksi 4 

S 3.03 
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SOLUTION 


8 o 


(d o kt'Uv'i 


12 kU-vn 


A I 

h 


^ ^ ^ |t> 




l.2rr) 


I • Co W) 

« > 


B^* 
I.7ya 


& 


V(kM> 



Reaction: 

+)ZW S =0: -4,4 + 60 + (80)(1.6)(2) - 12 = 0 

A = 76 kN T 

Shear: ^ = 76 kN 

,4 to C : F = 76.0 kN ◄ 

V D = 76 - (80)(1.6) = -52 kN 
D to C : F = -52 kN 

Locate point where V= 0. 

V(x) = -80x + 76 = 0 x = 0.95 m 
Areas of shear diagram: 

A to C: J F<£t = (1.2)(76) = 91.2 kN • m 

C to E: J Vdx = ^(0.95)(76) = 36.1 kN • m 

E to D: J Fdh = ^(0.65)(-52) = -16.9 kN • m 

DtoB: l Vdx = (1.2)(-52) = -62.4 kN • m 
Bending moments: M A = -60 kN • m 

M c = -60 + 91.2 = 3 1 .2 kN • m 
M e = 31.2 + 36.1 = 67.3 kN • m ◄ 

M d = 67.3 - 16.9 = 50.4 kN • m 
M b = 50.4 - 62.4 = -12 kN • m 
For W250 x 80, S = 983 x 10 3 mm 3 


Normal stress: 


J \m\ _ 67.3 x 10 3 N • m 
5 " 983 x 10 -6 m 3 


= 68.5 x 10 6 Pa 


(T m = 68.5 MPa ◄ 
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400 kN/m 


A C, 



n 

n 

< D B 



r ' 


c 





|-^0.3 m-»- 

— 0.4 m — ► 

p*— 0.3 m-*- 


I 

W200 X 22.5 


PROBLEM 5.60 

Knowing that beam AB is in equilibrium under the loading 
shown, draw the shear and bending-moment diagrams and 
determine the maximum normal stress due to bending. 


SOLUTION 


400 


Qffl 


! 1 1 m 1 1 1 1 . 


-U O.’irn— y| 


I 

V420O X 22.5 


400 W/r^ 


A c . 




r > 

f t> 2> 


A > 

. i 

> > 

k i 


J 

\ ' 

< 




UJO 


-4* — H 

• A » /*t TL.... * 


0.4-yv-v 0.“5 ya 



\m\ = 12.00 kN-m = 12.00 xl0 3 N-m 

I I max 


+\ZF y = 0: (l)(vv 0 ) - (0.4K400) = 0 

w 0 =160 kN/m 

Shear diagram: V A = 0 

V c = 0 + (0.3)(160) = 48 kN 
V D = 48 - (0.3)(400) + (0.3)(160) = -48 kN 
V B = -48 + (0.3)(160) = 0 
Locate point E where V= 0. 

By symmetry, E is the midpoint of CD. 

Areas of shear diagram: 

A to C: -t-(0.3)(48) = 7.2 kN • m 

C to E: ^-(0.2)(48) = 4.8 kN • m 

E to D: ^ (0.2)(-48) = -4.8 kN • m 

D to B : -t-(0.3)(-48) = -7.2 kN • m 

Bending moments: M A = 0 

M c = 0 + 7.2 = 7.2 kN 
M e = 7.2 + 4.8 = 12.00 kN 
M d = 12.0 - 4.8 = 7.2 kN 
M b = 12 -12 = 0 


For W200 x 22.5 rolled-steel shape, S x = 193 x 10 3 mm 3 = 193 x 10 6 m 3 

_ \M\ _ 12.00 xlO 3 


Normal stress: 


193x10 


-6 


62.2x10° Pa 


a = 62.2 MPa ◄ 
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Wq = 50 lb/ft 


h 


■ 1.2 ft - 


-1.2 ft- 


PROBLEM 5.61 

Knowing that beam AB is in equilibrium under the loading shown, 
draw the shear and bending-moment diagrams and determine the 
maximum normal stress due to bending. 


SOLUTION 

A to C: 


0 < x < 1.2 ft 

r 


w = 50 


i-^ 

1.2 


= 50-41.667* 


dV 

dx 


-w = 41.667x-50 


V = V A + 


= 0 + 20.833x -50x = 


M = M a + | Vdx 


[\A\Mlx-50)dx 

J o 

dM 
dx 

f 

= 0+ f*(20.833x 2 -50 x)dx 

Jo 

= 6.944x 3 -25x 2 

At C to B, use symmetry conditions. x = 1 .2 ft, V = -30.0 lb 

M = - 24.0 lb -in. 


Maximum \M\ = 24.0 lb • ft = 288 lb • in. 
Cross section: 


_d_ 

C ~ 2 ' 




(0.75) = 0.375 in. 




/ = ^c 4 
4 




V (JPW 



- 3o 


H (WO 



Normal stress: 


v4y 

\M\c (2.88X0.375) 


(0.375) = 15.532xl0" 3 in 4 


15.532x10 


-3 


■ 6.95xl0 3 psi 


= 6.95 ksi A 
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PROBLEM 5.62* 


24 mm 


C' r D E ' ' F 


a r 

JST 


B 60 mm 


0.4 m 


0.3 m 


The beam AB supports two concentrated loads P and Q. The 
normal stress due to bending on the bottom edge of the beam 
is +55 MPa at D and +37.5 MPa at F. (a) Draw the shear and 
bending-moment diagrams for the beam. ( b ) Determine the 
maximum normal stress due to bending that occurs in the beam. 
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W8 X 31 


PROBLEM 5.63* 

The beam AB supports a uniformly distributed load of 480 lb/ft and 
two concentrated loads P and Q. The normal stress due to bending 
on the bottom edge of the lower flange is +14.85 ksi at D and 
+10.65 ksi at E. (a) Draw the shear and bending-moment diagrams 
for the beam. ( b ) Determine the maximum normal stress due to 
bending that occurs in the beam. 
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PROBLEM 5.63* (Continued) 



Use free body EFB. 

+JLM b = 0: 1.50 + (1.25)(2.5)(0.48) + (2.5X3.927) - 24.41 = 0 
Q = 8.728 kips 

+| I F y =0: B - 3.927 - (2.5)(0.48) - 8.7 = 0 
B = 13.855 kips 
Areas of load diagram: 

A to C: (1 ,5)(0.48) = 0.72 kip • ft 

C to F: (5X0.48) = 2.4 kip • ft 

F to B: (1 ,5)(0.48) = 0.72 kip • ft 

Shear diagram: V A = 24.54 kips 

Vc = 24.54 - 0.72 = 23.82 kips 
Vc = 23.82 - 25.83 = -2.01 kips 
Vp = -2.01-2.4 = 4.41 kips 
Vp = -4.41 - 8.728 = -13.14 kips 
V B = -13.14- 0.72 = -13.86 kips 
Areas of shear diagram: 

A to C: 2(1.5X24.52 + 23.82) = 36.23 kip • ft 

C to F: 2(5)(_ 2 .oi - 4.41) = -16.05 kip • ft 


FtoB: 2(i.5)(_i3.i4_ 13.86) = 20.25 kip -ft 

Bending moments: M A = 0 

M c = 0 + 36.26 = 36.26 kip • ft 
M F = 36.26 - 16.05 = 20.21 kip • ft 
M B = 20.21-20.25 - 0 

Maxi m um |m| occurs at C: |jU| max = 36.26 kip • ft = 435.1 kip • in. 

\M\ 435 1 

(b) Maximum stress: a = m§2L = — = 15.82 ksi A 

S 27.5 
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P Q 


2 kN/m 


f 

T- 




3 








A 

Ia c 
1— 

D 

i 


0.1m 0.1m 0.125 m 


18 mm 


n 

36 mm 

I i 


PROBLEM 5.64* 

Beam AB supports a uniformly distributed load of 2kN/m and two 
concentrated loads P and Q. It has been experimentally determined 
that the normal stress due to bending in the bottom edge of the beam 
is -56.9 MPa at A and -29.9 MPa at C. Draw the shear and bending- 
moment diagrams for the beam and determine the magnitudes of the 
loads P and Q. 


SOLUTION 


c 


qoo(o 

f 

1 1 

f M 


iA C 5 

> B 

XoOM 



•221.2^ 


c 


H6.2< 



r ' 

? 

f >/ 


>k C 

X> B 


& 


Q. 



25° 


At A, 
At C. 


1 = — (18)(36) 3 = 69.984 xlO 3 mm 4 
12 

c = —d =18 m m 
2 

S = — = 3.888xl0 3 mm 3 = 3.888xl0“ 6 m 3 
c 


M a =Scr A = (3.888x10“ 6 )(-56.9) = -221.25 N-m 
M c = Scr c = (3.888x10 _6 )(-29.9) = -1 16.25 N -m 
+)2M a = 0: 22 1 .23 - (0. 1)(400) - 0.2P - 0.325g = 0 
0.2P + 0.3250 = 181.25 

+)IM C =0: 1 16.25 - (0.05)(200) - 0. IP -0.2250 = 0 
0.1P + 0.2250 = 106.25 
Solving (1) and (2) simultaneously, 


( 1 ) 


( 2 ) 


P = 500 N ◄ 
Q = 250 N ◄ 


Reaction force at A : 


R a - 400-500-250 = 0 ^=1150N-m 


V A =\ 150 N V D = 250 


M , 


-221.25 N-m M r 


-116.25 N-m M r 


-31.25 N-m 

n max = 1150N ◄ 
|M| max = 221N-m ◄ 


-Z2L2S M- v*-\ 
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SOLUTION 

Reactions: 

+)IM d =0: -2.4A + (1.6)(1.8) + (0.8)(3.6) = 0 

+)IM a = 0: — (0.8)(1 .8) - (1.6)(3.6) + 2.4D = 0 

Construct shear and bending moment diagrams: 

|M| max = 2.4 kN-m = 2.4xl0 3 N -m 
<r all = 12 MPa 


= 12x10 Pa 


c 

min 


\M\n 


-'all 


2.4x10 

12xl0 6 


= 200 xlO -6 m 3 
= 200xl0 3 mm 3 

S = -bh 2 =-(40 )h 2 
6 6 

= 200 xlO 3 


l2 (6)(200xl0 ) 

n = 

40 

= 30x1 0 3 mm 2 


A = 2.4 kN 
D = 3kN 




h = 173.2 mm ^ 
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PROBLEM 5.66 

For the beam and loading shown, design the cross section of the 
beam, knowing that the grade of timber used has an allowable normal 
stress of 12 MPa. 


SOLUTION 


Reactions: 

A = B by symmetry 

+| ~LF y = 0: J + 5-(5)(10) = 0 

A = B = 25 kN 

From bending moment diagram, 


\M\ a 


= 31.25 kN -m = 31.25xl0 3 N-m 


'all 


= 12 MPa = 12x10 Pa 


\M\ 


S = - 

°miri 


'all 


31.25x10 , 3 

— = 2.604x10 3 m 3 

12 xl 0 6 


= 2.604 x10 s mm 3 


1 ? 

S = -bh 2 = 
6 


'jT 

v6y 


(120 )h 2 = 2.604x10 s 


(6)(2.064xl0 s ) 3 2 

— = 130.21xl0 3 mm 2 

120 


V (ku'i 


VA (ktf.*) 





h = 361 mm A 
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IT" 



PROBLEM 5.67 

For the beam and loading shown, design the cross section of the beam, 
knowing that the grade of timber used has an allowable normal stress of 
1750 psi. 


1.2 kips/ft 


SOLUTION 



Equivalent concentrated load: 


P = 



(6)(1 .2) = 3.6 kips 


Bending moment at A: 

M a = (2)(3.6) = 7.2 kip • ft = 86.4 kip • in. 



86.4 

1.75 


49.37 in 3 


For a square section, 
a = y/6S 

a mm = 3/(6)(49.37) 


S = 


1 

—a 

6 


3 


6.67 in. ◄ 
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4.8 kips 


4.8 kips 



PROBLEM 5.68 


~ H b \r*~ 

II For the beam and loading shown, design the cross section of the 

gE j in beam, knowing that the grade of timber used has an allowable 
| normal stress of 1750 psi. 


2 ft 2 ft 3 ft 2 ft 2 ft 


SOLUTION 


For equilibrium, 

B = E = 2.8 kips 

Shear diagram: 


A to B~\ 

V = -4.8 kips 

B + to C~: 

V = -4.8 + 2.8 = -2 kips 

C + to D~ : 

F = -2 + 2 = 0 

D + to E~: 

V = 0 + 2 = 2 kips 

o 

+ 

V = 2 + 2.8 = 4.8 kips 

Areas of shear diagram: 


A to B : 

(2)(-4.8) = -9.6 kip • ft 

BtoC: 

(2)( — 2) = -4 kip • ft 

C to D : 

(3X0) = 0 

D to E \ 

(2X2) = 4 kip -ft 

E to F: 

(2X4.8) = 9.6 kip -ft 

Bending moments: 

o 

II 


M b = 0 - 9.6 = -9.6 kip • ft 


Mr 


-9.6 -4 = -13.6 kip -ft 


M d = —13.6 + 0 = — 13.6 kip -ft 


M e 


-13.6 + 4 = 
-9.6 + 9.6: 


-9.6 kip • ft 
• 0 



Mj k-p*4t 



|M| max = 13.6 kip -ft = 162.3 kip -in. = 162.3xl0 3 lb -in. 


Required value for S: 


S = 


m n 


'all 


162.3x10 

1750 


= 93.257 in 3 


1 , 

For a rectangular section, / = — bh , 


c = —h 
2 


s=L = b E 

c 6 


(^)(9.5) 2 

6 


= 15.04176 


Equating the two expressions for S, 15.0417b = 93.257 


b = 6.20 in. ◄ 
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2.5 kN 


2.5 kN 


.TJTTffltTTlct Bt 


-3 m- 


0.6 m 


0.6 m 


PROBLEM 5.69 

For the beam and loading shown, design the cross section of the 
beam, knowing that the grade of timber used has an allowable 
normal stress of 12 MPa. 


SOLUTION 

By symmetry, 

Shear: 

A to B: 


B = C 


+ 1X^=0: 5 + C + 2.5 + 2.5 - (3)(6) = 0 

V = 2.5 kN 
F + = 2.5 + 6.5 = 9 kN 

B 

V c . =9-(3)(6) = -9kN 
C to D: V = -9 + 6.5 = -2.5 kN 

Areas of the shear diagram: 

| Vdx = (0.6)(2.5) = 1.5 kN • m 

P 

2 . 


A to B\ 

B to E \ 

E to C: 

C to D\ 

Bending moments 


Vdx = 


(1 .5)(9) = 6.75 kN • m 


Vdx = -6.75 kN -m 
' Vdx = -1.5 kN *m 


M A = 0 

M b =0 + 1.5 = 1.5 kN-m 
M e =1.5 + 6.75 = 8.25 kN-m 
M c =8.25-6.75 = 1.5 kN-m 
M d =1.5 -1.5 = 0 


Maximum \M\ = 8.25 kN-m = 8.25 xlO 3 N -m 


B = C = 6.5 kN 



M 



< 7 all = 12 MPa = 12x10 Pa 

e _l M Uax _ 8-25x10 _ 687 _ 5xl0 -6 m 3 =687>5xl0 3 mm 3 


''all 


For a rectangular section, 


12x10 


S = -bh 2 
6 


687.5x10 = 




u J 


(100) h 2 


l2 (6)(687.5xl0 3 ) ,, „ , 2 

h l =— = 41.25xlO J mnr 

100 


h = 203 mm A 
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3 kN/m 



150 mm 


-2.4 m 


PROBLEM 5.70 

For the beam and loading shown, design the cross section of 
the beam, knowing that the grade of timber used has an 
allowable normal stress of 12 MPa. 


SOLUTION 


+)M B = 0: -2 A A + (0.6)(3.6)(3) = 0 A = 2.im 

+)M a = 0: -(1.8)(3.6)(3) + 2.45 = 0 5 = 8.1kN 


Shear: 


V A = 2.7 kN 


V B . = 2.7 - (2.4X3) = -4.5 kN 
V. = -4.5 + 8.1 = 3.6 kN 

B 

F c =3.6-(l .2X3) = 0 


Locate point D where V = 0. = — — — 7.2 d = 6.48 

2.7 4.5 

= 0.9 m 2.4- d = 1.5 m 

Areas of the shear diagram: 


Ato D : 

D to B\ 

B to C: 

Bending moments: 


= 


= 


V dx = 


- |(0.9)(2.7) = 1.215 kN-m 

v 2 . 


- |(1.5)(-4.5) = -3.375 kN -m 


(1.2)(3.6) = 2.16 kN *m 


M A - 0 

=0 + 1.215 = 1.215 kN-m 
=1.215 -3.375 = -2.16 kN-m 


M r 


2.16 + 2.16 = 0 

3 - 






Maximum \M\ = 2.16 kN • m = 2.16x10 N • m 
e _ \M\ _ 2.16x10 s 


<T all = 12 MPa = 12x10 Pa 


''all 


12xl0 6 


:180xl0 _6 m 3 = 180x10 s mm 3 


For rectangular section, S = — bh 2 = — &(150) 2 = 180x10 s 


(6)(180xl0 3 ) 

150 2 


b = 48.0 mm <4 
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20 kips 1 

11 kips/ft 

1 20 ki 

4 



f 

A 







D 


2 ft 2 ft 


6 ft 


2 ft 2 ft 


PROBLEM 5.71 

Knowing that the allowable normal stress for the steel used is 24 ksi, 
select the most economical wide-flange beam to support the loading 
shown. 


SOLUTION 


By symmetry, R A = R F 

+| I,F y = 0: R a -20-(6)(11)- 20 + £ f = 0 

R a = R F - 50 kips 


Maximum bending moment occurs at center of beam. 

+>M. ; = 0: -(7X53) + (5X20) + (1 .5)(3)(1 1) + M, = 0 

Mj = 221.5 kip. ft = 2658 kip • in. 



M 

c — max 

Shape 

°min 

a a\\ 

•S' (in 2 ) 

W24 x 68 

154 

W21 x 62 

127 

W18 x 76 

146 

W16 x 77 

134 

W14 x 82 

123 

W12 x 96 

131 


2658 

24 


110.75 in 3 


2° II kips /ft 


1 


i > 

N 

> > 

r \ f 

1 1 


{a i c 
* i 

J 

V 


0 


M, 


Si 


Use W21 x 62. ◄ 
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24 kips 



PROBLEM 5.72 

Knowing that the allowable normal stress for the steel used is 24 ksi, select 
the most economical wide-flange beam to support the loading shown. 


SOLUTION 


+)IM C = 0: -24,4 + (12X24X2.75) + (15X24) = 0 
+)IM a =0: 24 C - (12X24X2.75) - (9)(24) = 0 

Shear: V A = 48 

V B _ = 48 - (9X2.75) = 23.25 kips 
V B+ =23.25 -24 = -0.75 kips 
V c = -0.75 - (15X2.75) = -42 kips 


Areas of the shear diagram: 
AtoB: j *Vdx 

B to C : | V dx 

Bending moments: M A 

M b 

M c 

Maximum \M\ = 320.6 kip • ft 

^all 

^min 


n 

v2 

n 

v2 


|(9)(48 + 23.25) = 320.6 kip -ft 
|(15)(— 0.75 - 42) = -320.6 kip • ft 


0 

0 + 320.6 = 320.6 kip -ft 
320.6-320.6 = 0 


3848 kip -in. 
24 ksi 



3848 

24 


= 160.3 in 3 


A- 48 kips 
C = 42 kips 



Shape 

5, (in 3 ) 

W30x99 

269 

W27x84 

213 <— 

W24xl04 

258 

W21X101 

227 

W18xl06 

204 


Lightest wide flange beam: W27x84 @84 lb/ft A 
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5 kN/m 


-3 m- 


70 kN 
< 5 m - 


70 kN 
«- 3 m -* 


PROBLEM 5.73 

D Knowing that the allowable normal stress for the steel used is 160 MPa, 
select the most economical wide-flange beam to support the loading shown. 


SOLUTION 


'SkH/orj 


f\ 

v 

?7.SkN 

8 


- ,i-i j j n 

'L3a.J 




70 kN 10 k/y 

-\87,S\<H 


D -j ki'H/tn) (//»,)* 70kH 
■p = 97, dTk/y 

D- ?2sU// 


(+770) 


-L 


klZ.fUH 


(-+JS.IZ) 

Mr 


-IZ.i'kN 
- 82 , HUN 


(-IS. 6?) 

-P Y- 


(-mo) 


- T7.okH 


+?70 kH'W 



M = Z86 kN* W) 

' 'fray 


Section modulus 
cr all = 160 Mpa 


s- = = 286 kN • m = 1787 X 10“ 6 m 3 


J all 


160 MPa 


= 1787 x 10 3 mm 3 


Shape 

S, (10 3 mm 3 ) 

W610x 101 

2520 

W530 x 92 

2080 <— 

W460 x 113 

2390 

W410x 114 

2200 

W360 x 122 

2020 

W310 x 143 

2150 


Use W530 x 92. ◄ 
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50 kN/m 



PROBLEM 5.74 

Knowing that the allowable normal stress for the steel used is 160 MPa, 
select the most economical wide-flange beam to support the loading 
shown. 


SOLUTION 


Shear: 


+)ZM d = 0: -3.2 B + (24)(3.2)(50) = 0 
+)ZM b = 0: 3.2 D - (0.8)(3.2)(50) = 0 

V A = 0 

V B _ = 0 - (0.8)(50) = -40 kN 
V a+ =-40 + 120 = 80 kN 
V c = 80 - (2.4X50) = -40 kN 
V D = -40 + 0 = -40 kN 


Locate point E where V = 0. 


e 

80 


2.4 -e 


40 
e = 1.6 m 


120e = 192 
2.4 -e = 0.8 m 


Areas: 


A to B : 
B to E: 
E to C: 


J 


Vdx = 
Vdx = 
Vdx = 


2 

rn 

UJ 

v2y 


(0.8)(-40) = -16 kN • m 
(1.6)(80) = 64 kN -m 
(0.8)(— 40) = -16 kN-m 


C to D: ^Vdx = (0.8)(— 40) = -32 kN • m 


Bending moments: 


M a = 0 

M b =0-16 = -16 kN-m 


M r 


16 + 64 = 48 kN-m 
8-16 = 32 
32-32 = 0 


Mr 


M c =48-16 = 32 kN-m 


B = 120 kN 
Z) = 40 kN 





M (l/VJ- <rn) 
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18 kips 



PROBLEM 5.75 

Knowing that the allowable normal stress for the steel used is 24 ksi, 
select the most economical S-shape beam to support the loading shown. 


SOLUTION 


+)ZM C = 0: —12 A + (9)(6)(3) - (3)(18) = 0 A = 9 kips 
+yLM A =0: 12C - (3)(6)(3) - (1 5)(1 8) = 0 C = 27 kips 






Shear: V A = 9 kips 

B to C: V = 9- (6)(3) = -9 kips 

C to D: V = -9 + 27 = 18 kips 

Areas: 

A to E : (0.5)(3)(9) = 13.5 kip • ft 

E to B : (0.5)(3)(-9) = -13.5 kip • ft 

B to C: (6)(— 9) = -54 kip • ft 

C to D: (3)(1 8) = 54 kip • ft 

Bending moments: M A = 0 
M e = 0 + 13.5 = 13.5 kip • ft 


M b = 13.5-13.5 = 0 
M c = 0 + 54 = 54 kip • ft 


M d = 54 - 54 = 0 


Maximum |m| = 54 kip • ft = 648 kip • in. <r all = 24 ksi 


o 648 3 

^min = — = 27 in 


Shape 

S(in 3 ) 

S12 x 31.8 

36.2 

S10 x 35 

29.4 


Lightest S-shaped beam: S12x31.8 A 
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48 kips 48 kips 


2 ft 


2 ft 


48 kips 


L L 





6 ft 

— 


PROBLEM 5.76 

Knowing that the allowable normal stress for the steel used is 24 ksi, 
select the most economical S-shape beam to support the loading shown. 


2 ft 


SOLUTION 

+)ZM e = 0: (12X48) - 105 + (8)(48) + (2)(48) = 0 
+)lM g = 0: (2)(48) - (2)(48) - (8)(48) + 10£ = 0 

Shear: A to B : 


V 


sic 


i.c 


8 C, 

</B 


D 

-38.*/ 



Shape 


SI 5 x 42.9 
SI 2 x 50 


B to C: 

C to D\ 

D to E\ 

Areas: A to B: 

B to C: 

C to D\ 

D to E\ 

Bending moments: M A = 0 
M b = 0 - 96 = -96 kip • ft 


B = 105.6 kipsT 
E = 38.4 kipsT 

V = -48 kips 

V = -48 + 105.6 = 57.6 kips 

V = 57.6 - 48 = 9.6 kips 

V = 9.6 - 48 = -38.4 kips 
(2)(-48) = -96 kip • ft 
(2X57.6) = 115.2 kip • ft 

(6)(9.6) = 57.6 kip • ft 
(2)(-38.4) = 76.8 kip • ft 


M, 


c 


-96 + 115.2 = 19.2 kip - ft 


M d = 19.2 + 57.2 = 76.8 kip • ft 
M e = 76.8 - 76.8 = 0 
Maximum \m\ = 96 kip - ft = 1152 kip • in. 
^aii =24 ksi 


S = 


5 (in 3 ) 


_ \M\ _ 1152 _ 


7 all 


24 


= 48 in 


3 


59.4 

50.6 


Lightest S-shaped beam: S15x42.9 4 
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80 kN 


A 


100 kN/m 


— — B 


y i 

~ c 


PROBLEM 5.77 

Knowing that the allowable normal stress for the steel used is 160 MPa, 
select the most economical S-shape beam to support the loading shown. 


-*—0.8 m 


1.6 m 


SOLUTION 





Shape 

S (10 3 mm 3 ) 

S510X98.2 

1950 

S460xl04 

1685 


+)XM S =0: O.M - (0.4)(2.4)(1 00) - (1 ,6)(80) = 0 

A = 280 kN 1 

+)Y.M a = 0: 0.8B-(1.2)(2.4)(100)-(2.4)(80) = 0 

B = 600 kN T 
Shear: V A = -280 kN 

V B . = -280 - (0.8)(100) = -360 kN 
V B+ = -360 + 600 = 240 kN 

B 

V c = 240 - (1 ,6)(1 00) = 80 kN 
Areas under shear diagram: 

A to B: -t-(0.8)(-280 - 360) = -256 kN • m 

B to C: -t (1.6)(240 + 80) = 256 kN • m 

Bending moments: M A = 0 

M b = 0 - 256 = -256 kN • m 
M c =-256 + 256 = 0 

Maximum |m| = 256 kN-m = 256xl0 3 N -m 
fj all =160 MPa = 160xl0 6 Pa 

= K[ = 256x10 = i.6xl0~ 3 m 3 = 1600xl0 3 mm 3 
<7 all 160x10 s 


Lightest S-section: S5 10x98.2 A 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


768 



PROBLEM 5.78 

Knowing that the allowable normal stress for the steel used is 1 60 MPa, 
select the most economical S-shape beam to support the loading shown. 


SOLUTION 


A 

A 


£o ksl 1 

LJ 

4o kfd 
'C. 


A 

K— 

^ > 

p T 

^ H 



Reaction: +JLM D = 0: -10 A + (7.5)(60) + (5)(40) = 0 
A = 65 kN T 

•p Shear diagram: 

A to B: V = 65 kN 

B to C: V = 65 - 60 = 5 kN 

C to D: V = 5 - 40= -35 kN 

Areas of shear diagram: 

A to B: (2.5)(65) = 162.5 kN • m 
B to C: (2.5)(5) = 12.5 kN • m 
C to D: (5)(— 35) = -175 kN • m 
Bending moments: M A = 0 

M b = 0 + 162.5 = 162.5 kN • m 


M c = 162.5 + 12.5 = 175 kN • m 
M d = 175 - 175 = 0 
\M\ = 175kN-m = 175xl0 3 N-m 

I I max 


'all 


160 MPa = 160 x 10 Pa 


Shape 

S x , (10 3 mm 3 ) 

s -M 

°m\n 

S610 x 1 19 

2870 

°all 

S510 x 98.2 

1950 


S460 x 8 1 .4 

1460 



\M\ _ 175 xlO 3 
160 xlO 6 


1093.75 xl0 _6 m 3 


= 1093.75 xlO 3 mm 3 


Lightest S-section: S460 x 81.4 A 
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PROBLEM 5.79 

A steel pipe of 100-mm diameter is to support the loading shown. 
Knowing that the stock of pipes available has thicknesses varying 
from 6 mm to 24 mm in 3 -mm increments, and that the allowable 
normal stress for the steel used is 150 MPa, determine the minimum 
wall thickness t that can be used. 
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20 kN 20 kN 20 kN 


PROBLEM 5.80 

\l fc Id 


Two metric rolled-steel channels are to be welded along their edges 


E 


and used to support the loading shown. Knowing that the allowable 





normal stress for the steel used is 150 MPa, determine the most 


4 @ 0.675 m = 2.7 m ► 


economical channels that can be used. 


SOLUTION 


V (kvA 






For a section consisting of two channels, 


For each channels, 


By symmetry, A = E 


+| ZF y = 0: A + E -20- 20 - 20 = 0 
A = E = 30 kN 

Shear: 

A to B: V = 30 kN 

B to C: V = 30 - 20 = 10 kN 

C to D: V = 10-20 = -10 kN 

D to E\ V = -10 - 20 = -30 kN 
Areas: 

A to B: (0.675X30) = 20.25 kN • m 

B to C: (0.675X10) = 6.75 kN • m 

C to D: (0.675)(-10) = -6.75 kN • m 

D to E: (0.675X-30) = -20.25 kN • m 

Bending moments: M A = 0 


M b = 0 + 20.25 = 20.25 kN • m 
M c = 20.25 + 6.75 = 27 kN • m 
M d = 27 - 6.75 = 20.25 kN • m 
M e = 20.25 - 20.25 = 0 

Maximum |m| = 27 kN • m = 27 x 10 3 N • m 


cr all =150 MPa = 150 x 10 6 Pa 


M 

°all 


X ^ 1 = 180 x 10 6 m 3 = 180 x 10 3 mm 3 
150 xlO 6 



(180 x 10 3 ) = 90 x 10 3 mm 3 


Shape 

>5(1 0 3 mm 3 ) 

Cl 80 x 14.6 

100 

Cl 50 x 19.3 

94.7 <- 


Lightest channel section: Cl 80 x 14.6 A 
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20 kips 

2.25 kips/ft 


»! 

f - 





2 

- 

* 3ft * 

12 

- 

< 6ft 

ft 

D 

£- 1-2 


PROBLEM 5.81 

Two rolled-steel channels are to be welded back to back and used to 
support the loading shown. Knowing that the allowable normal stress 
for the steel used is 30 ksi, determine the most economical channels that 
can be used. 


SOLUTION 


“2o k^s 2,25 


.1 


L2 



' ' 


r 

A 

< >■ 

3fV 

< > 

<£>FF 

K H 





Shape 

^(in) 3 

CIO X 15.3 

13.5 

C9 x 15 

11.3 <- 

C8 x 18.7 

11.0 


Reaction: +)^M D = 0: -12 A + 9(20) + (6)(2.25)(3) = 0 

A = 18.375 kips f 

Shear diagram: 

A to B: V = 18.375 kips 

B to C: V = 18.375 - 20 = -1.625 kips 

V D = -1.625 - (6)(2.25) = -15.125 kips 
Areas of shear diagram: 

A to B: (3)(1 8.375) = 55.125 kip • ft 

B to C: (3)(- 1.625) = -4.875 kip • ft 

C to D: 0.5(6)(-1.625 - 15.125) = -50.25 kip • ft 

Bending moments: M A = 0 

M b = 0 + 55.125 = 55.125 kip • ft 
M c = 55.125 - 4.875 = 50.25 kip • ft 
M d = 50.25 - 50.25 = 0 
1 37) max = 55.125 kip • ft = 661.5 kip • in. 

<r all = 30 ksi 


For double channel, S mi „ = = 22.05 in 3 

J mill r\ f\ 

°all 30 

For single channel, 5 min = 0.5(22.05) = 1 1.025 in 3 

Lightest channel section: C9 x 15 A 
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2000 lb 



6 in. 


4 in. 


PROBLEM 5.82 

Two L4 x 3 rolled-steel angles are bolted together and used to support 
the loading shown. Knowing that the allowable normal stress for the 
steel used is 24 ksi, determine the minimum angle thickness that can 
be used. 


SOLUTION 


V ( k'p) 






For section consisting of two angles, 


For each angle, 


By symmetry, A = C 

+| T,F y = 0: A + C -2000- (6)(300) = 0 
A = C = 19001b 

Shear: 


V A = 19001b = 1.9 kips 
V = 1900 - (3X300) = 1000 lb = 1 kip 

B 

V B+ = 1000 - 2000 = -1000 lb = -1 kip 
V c = -1000 - (3X300) = -1900 lb = -1.9 kip 


Areas: 
A to B: 


rn 

s2. 


(3X1.9 + 1) = 4.35 kip • ft 


B to C: 






(3)(— 1 - 1.9) = -4.35 kip • ft 


Bending moments: M A = 0 


M b = 0 + 4.35 = 4.35 kip • ft 
M c = 4.35 - 4.35 = 0 

Maximum |m| = 4.35 kip • ft = 52.2 kip • in. 

o-au = 24 ksi 


\M\ _ 52.2 

°all 24 


2.175 in 3 


J 


(2.175) = 1.0875 in 3 
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PROBLEM 5.82 (Continued) 


Angle section 

S(in 3 ) 

L4 x 3 x - 

1.87 

2 


L4 x 3 x - 

1.44 

8 


L4 x 3 x - 
4 

0.988 


Smallest allowable thickness: t = — in. 

8 
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T otal load = 2 M N PROBLEM 5.83 


D Assuming the upward reaction of the ground to be uniformly distributed and 
knowing that the allowable normal stress for the steel used is 170 MPa, 
select the most economical wide-flange beam to support the loading shown. 

0.75 m 0.75 m 


A 


-lm- 


SOLUTION 

Downward distributed load: 

Upward distributed reaction: 

Net distributed load over BC : 
Shear: 


w 


To 


2 MN/m 


q = = 0.8 MN/m 

2.5 

1.2 MN/m 


Va =0 


V B =0 + (0.75X0.8) = 0.6 MN 
V c = 0.6 - (1.0)(1 .2) = -0-6 MN 
V D = -0.6 + (0.75X0.8) = 0 


Areas: 

A to B : 

B to E: 

E to C: 

Cto D: 

Bending moments: 


(-) 

1 


(0.75X0.6) = 0.225 MN • m 


- |(0.5)(0.6) = 0.150 MN-m 


2 

(-) 

v2, 

M a 

M 


(0.5)(-0.6) 


-0.150 MN-m 


(0.75)(-0.6) = -0.225 MN • m 


0 


B 


M c 

Mr 


0 + 0.225 = 0.225 MN • m 
0.225 + 0.150 = 0.375 MN-m 
0.375 - 0.150 = 0.225 MN-m 
0.225 - 0.225 = 0 


Maximum \M\ = 0.375 MN • m = 375 x 10 3 N • m 


'all 


170 MPa = 170 x 10 6 Pa 


S = 


\M\ _ 375 x 10 3 


V (MN) 



M (MN**) 



- x 


'all 


170 xlO 6 


= 2.206 x 10" 3 m 3 = 2206 x 10 3 mm 3 
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PROBLEM 5.83 (Continued) 
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A 


200 kips 200 kips 

i L 


D 


PROBLEM 5.84 

Assuming the upward reaction of the ground to be uniformly distributed and 
knowing that the allowable normal stress for the steel used is 24 ksi, select 
the most economical wide-flange beam to support the loading shown. 


-4 ft- 


-4ft- 


-4 ft- 
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PROBLEM 5.84 (Continued) 

Shape 

SC in 3 ) 

W27 x 84 

213 

W24 x 68 

154 <— Lightest W-shaped section: W24 x 68 A 

W21 x 101 

227 

W18x 76 

146 

W16 x 77 

134 

W14 x 145 

232 
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60 mm 



PROBLEM 5.85 

Determine the largest permissible distributed load w for the 
beam shown, knowing that the allowable normal stress is 
+80 MPa in tension and -130 MPa in compression. 


SOLUTION 

v 



M 


O.OWTS^ 




Centroid and moment of inertia: 


Reactions: By symmetry, B = C 

+\H F y = 0: B + C - 0.9w = 0 

B = C = 0.45 w t 
Shear: V A = 0 

V B _ = 0 - 0.2w = -0.2w 
V B+ = -0.2 w + 0.45 w = 0.25w 
V c _ = 0.25w - 0.5w = -0.25 w 
V c+ = -0.25w + 0.45 w = 0.2w 
0.2w - 0.2w = 0 


Areas: 


v D 


A to B\ 


B to E\ 

Bending moments: M A = 0 


3(0.2X-0.2w) = -0.02w 


— (0.25)(0.25w) = 0.03125w 


M b = 0 — 0.02w = — 0.02w 
M E =-0.02w + 0.03125w = 0.01125w 


Part 

A, mm 2 

y, mm 

4v(10 3 mm 3 ) 

d, mm 

Ad 2 ( 10 3 mm 4 ) 

7(10 3 mm 4 ) 

© 

1200 

70 

84 

20 

480 

40 

© 

1200 

30 

36 

20 

480 

360 

E 

2400 


120 


960 

400 


- _ 120 x 10 J 


2400 

j2 


= 50 mm 


I = Y,Ad 1 + X/ = 1360 x 10 J mm 4 
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PROBLEM 5.85 (Continued) 


Top: liy = (1360 x 10 3 )/30 = 45.333 x 10 3 mm 3 = 45.333 x 10“ 6 m 3 

Bottom: 7/j> = (1360xl0 3 )/(-50) = -27.2xl0 3 mm 3 = -27.2xl0“ 6 m 3 

Bending moment limits (M = -ally) and load limits w. 


Tension at B and C: -0.02w = -(80xl0 6 )(45.333xl(T 6 ) 

Compression at B and C: -0.02w = -(-130xl0 6 )(27.2 xlO -6 ) 

Tension at E: 0.01 125w = -(80 x 10 6 )(27.2 x KT 6 ) 

Compression at E: 0.01 125w = -(-130 x 10)(45.333 x KT 6 ) 

The smallest allowable load controls. 


w = 181.3 xl0 3 N/m 
w = 176.8 xl0 3 N/m 
w = 193.4 xl0 3 N/m 
w = 523.8 xl0 3 N/m 
w = 176.8 xl0 3 N/m 


w = 176.8 kN/m ◄ 
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60 mm 



1 


0.2 m 


D 


T 

60 mm 

i 

-<-20 mm 


20 mm 


0.2 m 


PROBLEM 5.86 

Solve Prob. 5.85, assuming that the cross section of the beam is 
inverted, with the flange of the beam resting on the supports at 
B and C. 

PROBLEM 5.85 Determine the largest permissible distributed 
load w for the beam shown, knowing that the allowable normal 
stress is +80 MPa in tension and -130 MPa in compression. 


SOLUTION 

Reactions: By symmetry, B = C 

+tsF y =0: B + C-0.9w = 0 
B = C = 0.45wT 

Shear: V A = 0 

V D . =0- 0.2w = -0.2w 
V D+ = -0.2w + 0.45w = 0.25w 

n 

V c = 0.25w- 0.5w = -0.25w 
V c+ = -0.25w+0.45w = 0.2w 
V D = 0.2w - 0.2w = 0 

Areas: 

A to B : ^-(0.2)(-0.2w) = -0.02w 

B to E: ^-(0.25)(0.25w) = 0.03 125w 

Bending moments: M A = 0 

M B = 0 - 0.02 w = -0.02 w 

M e = -0.02w + 0.03 125w = 0.01 125w 

Centroid and moment of inertia: 




Part 

A , mm 2 

y, mm 

Ay, (10 3 mm 3 ) 

d, mm 

Ad 2 ( 10 3 mm 4 ) 

I, (10 3 mm 4 ) 

® 

1200 

50 

60 

20 

480 

360 

© 

1200 

10 

12 

20 

480 

40 

i 

2400 


72 


960 

400 


— 72xl0 3 ? — -i a 

Y = = 30 mm / = I, Ad 2 + 1/ = 1360x 10 3 mm 3 

2400 
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PROBLEM 5.86 (Continued) 


Top: I/y = (1360 xl0 3 )/(50) = 27.2 xlO 3 mm 3 =27.2 xl0' 6 m 3 

Bottom: I/y = (1360 xl0 3 )/(-30) = -45.333 xlO 8 mm 3 = -45.333 x 1(T 6 m 3 

Bending moment limits (M = -ally) and load limits w. 


Tension at B and C: -0.02 w = -(80 x 10 6 )(27.2 x 10' 6 ) 

Compression at B and C: -0.02w = -(-130xl0 6 )(-45.333 x 10 -6 ) 

Tension at E: 0.01 125w = -(80 x 10 6 )(-45.333 x 10“ 6 ) 

Compression at E: 0.01 125w = -(—130 x 10 6 )(27.2 x 10 -6 ) 

The smallest allowable load controls. 


w = 108.8 xl0 3 N/m 
w = 294.7 xl0 3 N/m 
w = 322.4 xl0 3 N/m 
w = 314.3 xl0 3 N/m 

w = 108.8 xl0 3 N/m 

w = 108.8 kN/ra M 
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1 in. 


nzL 


~r 

5 in. 


t 

1 in. 


PROBLEM 5.87 

Determine the largest permissible value of P for the beam and 
loading shown, knowing that the allowable normal stress is 
+8 ksi in tension and -18 ksi in compression. 


SOLUTION 


Reactions: 

B = D = 1.57>t 

Shear diagram: 


A to B~: 

V = -P 

B + to C~: 

V = -P + \.5P = 0.5P 

C + to D~: 

V = 0.5P-P = -0.5P 

D + to E: 

V = -0.5P + 1.5P = P 

Areas: 


A to B\ 

(10)(-P) = -10P 

B to C: 

(60)(0.5P) = 3 OP 

C to D \ 

(60)(-0.5P) = -3 OP 

D to E \ 

(10)(P) = 10P 

Bending moments: 

O 

II 


M b = 0-10P = -10P 

M C =-10P + 30P = 20P 
M D =20P-30P = -10P 

M e = -10P + 10P = 0 
Largest positive bending moment: 20 P 




A 

(D 

H-ZS 

4 

f 


4 


* * 

If 


Largest negative bending moment: -lOP 
Centroid and moment of inertia: 


Part 

A, in 2 

P o> in - 

Ay 0 ,™ 3 

d, in. 

Ad 2 , in 4 

/, in 4 

© 

5 

3.5 

17.5 

1.75 

15.3125 

10.417 

© 

7 

0.5 

3.5 

1.25 

10.9375 

0.583 

i 

12 


21 


26.25 

11.000 


Y = — = 1.75 in. 7 = 1 Ad 2 +11 = 37.25 in 4 
12 


Top: y = 4.25 in. Bottom: y = -1.75 in. 


o — — 


My_ 

I 
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PROBLEM 5.87 (Continued) 


Top, tension: 


Top, comp.: 


Bottom, tension: 


Bottom, comp.: 


8 = - 


-18 = — 


-18 = — 


(~10P)(4.25) 

37.25 

(20P)(4.25) 

37.25 

(20P)(-1.75) 

37.25 

(-10PX-1-75) 

37.25 


Smallest value of P is the allowable value. 


P = 7.01 kips 
P = 7.89 kips 
P = 8.51 kips 
P = 38.3 kips 


P = 7.01 kips 4 
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1 in. 



PROBLEM 5.88 

Solve Prob. 5.87, assuming that the T-shaped beam is inverted. 

PROBLEM 5.87 Determine the largest permissible value of P 
for the beam and loading shown, knowing that the allowable 
normal stress is +8 ksi in tension and -18 ksi in compression. 


SOLUTION 

Reactions: B = D = 1 .5 P t 

Shear diagram: 

A to B : V = -P 

B + to C~: V = -P + 1 .5P = 0.5P 

C + to D : V = 0.5 P -P = -0.5 P 

D + to E: V = -0.5P + \.5P = P 

Areas: 

A to 5: (10)(-P) = -10P 

B to C : (60)(0.5P) = 30P 

C to D : (60)(-0.5P) = -30P 

D to E: (10)(P) = 10P 

Bending moments: 

M a = 0 

M b = 0 - 10P = -10P 
M c =-10R + 30R = 20R 

M d =20P-30P = -\0P 

M e =-10R + 10P = 0 

Largest positive bending moment = 20 P 
Largest negative bending moment = -10P 




Centroid and moment of inertia: 


Part 

A, in 2 

To, in- 

4Fo > in 3 

d , in. 

Ad 2 , in 4 

/, in 4 

© 

5 

2.5 

12.5 

1.75 

15.3125 

10.417 

© 

7 

5.5 

38.5 

1.25 

10.9375 

0.583 

E 

12 


51 


26.25 

11.000 


Top: v = 1 .75 in. Y = — = 4.25 in. 

12 

Bottom: y = -4.25 in. I = J]Ad 2 +£/ = 37.25 in 4 


a = - 


My 

~T 
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PROBLEM 5.88 (Continued) 


Top, tension: 


Top, compression: 


Bottom, tension: 


Bottom, compression: 


8 = - 


-18 = - 


-18 = - 


(-10P)(1.75) 

37.25 

(20P)(1.75) 

37.25 

(20P)(-4.25) 

37.25 

(-10PX-4.25) 

37.25 


Smallest value of P is the allowable value. 


P = 17.03 kips 


P = 19.16 kips 


P = 3.51 kips 


P = 15.78 kips 


P = 3.51 kips ◄ 
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12.5 i 


^*—200 mm— »-| | 


150 mm 


12.5 mm 


PROBLEM 5.89 

Beams AB , BC , and CD have the cross section shown 
and are pin-connected at B and C. Knowing that the 
allowable normal stress is +110 MPa in tension and 
-150 MPa in compression, determine (a) the largest 
permissible value of w if beam BC is not to be 
overstressed, ( b ) the corresponding maximum distance 
a for which the cantilever beams AB and CD are not 
overstressed. 


SOLUTION 


m b =M c = 0 


Vb=~V C 


f i A 




(1 2)w - 3.6w 


Area B to E of shear diagram: 


UJ 

m e 


(3.6)(3.6w) = 6.48w 
= 0 + 6.48 w = 6.48w 


Centroid and moment of inertia: 



Part 

^4 (mm 2 ) 

jp(mm) 

Ay (mm 3 ) 

d (mm) 

Ad 2 ( mm 4 ) 

/(mm 4 ) 

® 

2500 

156.25 

390,625 

34.82 

3.031 xlO 6 

0.0326 x 10 6 

© 

1875 

75 

140,625 

46.43 

4.042 xlO 6 

3.516 xlO 6 

i 

4375 


531,250 


7.073 xlO 6 

3.548 x 10 6 


- 531,250 

4375 


= 121.43 mm 


/ = ZAd 2 + S/ = 10.621 xlO 6 mm 4 


Location 

y( mm) 

I/y(l(r mm 3 ) 

Top 

41.07 

258.6 

Bottom 

-121.43 

-87.47 


also (10 6 m 3 ) 



I2.S-J L 
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PROBLEM 5.89 (Continued) 


Bending moment limits: M = -ally 

Tension at E: -(HOxlO 6 )(-87.47 x 10“ 6 ) = 9.622 x 10 3 N • m 


Compression at ^7: -(-150 x 10 6 )(258.6 x 10 6 ) = 38.8 x 10 3 N • m 

Tension at A and D: -(1 10 x 10 6 )(258.6xl(T 6 ) = -28.45 x 10 3 N - m 

Compression at A and D: -(- 1 50 x 1 0 6 )(-87.47 x 1 0“ 6 ) = - 1 3 . 1 2 1 x 1 0 3 N • m 
(< a ) Allowable load w : 6.48 w = 9.622 xlO 3 w = 1.485 xl0 3 N/m 

Shear at A: V A =(a + 3.6)w 

Area A to B of shear diagram: a (V A + V B ) = a(a + 7.2) w 


Bending moment at A (also D): M A = ~—a(a + 7.2) w 


~a(a + 7.2)(4.485 x 10 3 ) ^ 


-13.121x 10 3 


(b) Distance a : 


—a 2 + 3.6a -8.837 = 0 
2 


w = 1 .485 kN/m 4 


a = 1.935 m A 
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12.5 mm 



12.5 mm 


PROBLEM 5.90 

Beams AB , BC , and CD have the cross section shown 
and are pin-connected at B and C. Knowing that the 
allowable normal stress is +110 MPa in tension and 
-150 MPa in compression, determine ( a ) the largest 
permissible value of P if beam BC is not to be 
overstressed, ( b ) the corresponding maximum 
distance a for which the cantilever beams AB and CD 
are not overstressed. 


SOLUTION 


m b =M c = 0 

v B =-v c = P 


Area B to E of shear diagram: 2AP 


M e =0 + 2AP = 2AP = M f 


Centroid and moment of inertia: 



Part 

A (mm 2 ) 

jp(mm) 

Ay (mm 3 ) 

d (mm) 

Ad 2 ( mm 4 ) 

7 (mm 4 ) 

© 

2500 

156.25 

390,625 

34.82 

3.031 xlO 6 

0.0326 x 10 6 

© 

1875 

75 

140,625 

46.43 

4.042 x 10 6 

3.516 xlO 6 

i 

4375 


531,250 


7.073 x 10 6 

3.548 x 10 6 



- 531,250 101 ^ 

Y = = 121.43 mm 

4375 

/ = YAd 2 + YI = 10.621 x 10 6 mm 4 


Location 

jp(mm) 

//}>(10 3 mm 3 ) 

Top 

41.07 

258.6 

Bottom 

-121.43 

- 87.47 


also (10 6 m 3 ) 
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PROBLEM 5.90 (Continued) 


Bending moment limits: 

M = -ally 



Tension at E and F: 

(1 1 0 x 1 0 6 )(-87.47 x 1 O' 6 ) = 9.622 x 1 0 3 N • m 



Compression at E and F: 

(-150 x 10 6 )(258.6 x 10“ 6 ) = 38.8 x 10 3 N • m 



Tension at A and D : 

-(1 10 x 10 6 )(258.6 x 10" 6 ) = -28.45 x 10 3 N • m 



Compression at A and D : -( 

-150 x 10 6 )(-87.47 x 10“ 6 ) = -13.121 x 10 3 N • m 


(a) 

Allowable load P : 

2.4P = 9.622 xlO 3 P = 4.01xl0 3 N 

P = 4.01 kN ◄ 


Shear at ^4: 

II 



Area A to B of shear diagram: 

II 

*0 



Bending moment at A : 

M a = -aP = -4.01 x 10 3 a 


(b) 

Distance a: 

-4.01x10 3 cz = -13.121 xlO 3 

a = 3.27 m A 
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PROBLEM 5.91 

Each of the three rolled-steel beams 
shown (numbered 1, 2, and 3) is to 
carry a 64-kip load uniformly 
distributed over the beam. Each of 
these beams has a 12-ft span and is 
to be supported by the two 24-ft 
rolled-steel girders AC and BD. 
Knowing that the allowable normal 
stress for the steel used is 24 ksi, 
select (a) the most economical S 
shape for the three beams, ( b ) the 
most economical W shape for the 
two girders. 
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PROBLEM 5.91 (Continued) 


For beams AC and BC, 
areas under shear digram: 
(4)(48) = 192 kip • ft 


Beams Ac A»A BC (8)(16) - 128 kip • ft 
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PROBLEM 5.92 

A 54-kip is load is to be supported at the center of the 16-ft span shown. 
Knowing that the allowable normal stress for the steel used is 24 ksi, 
determine (< a ) the smallest allowable length / of beam CD if the 
W12 x 50 beam AB is not to be overstressed, ( b ) the most economical 
W shape that can be used for beam CD. Neglect the weight of both 
beams. 
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66 kN/m ^66 kN/m PROBLEM 5.93 

/ \ 

A 

j. 

1 


\ W 

<\ — 

460 X 74 

1 A uniformly distributed load of 66 kN/m is to be supported over 


— — , 



7 the 6-m span shown. Knowing that the allowable normal stress for 


B fFe steel used is 140 MPa, determine {cl) the smallest allowable 

s: 

C D 

l 

L = 6 m 

— 

length / of beam CD if the W460x74 beam AB is not to be 
overstressed, ( b ) the most economical W shape that can be used 
for beam CD. Neglect the weight of both beams. 


SOLUTION 

For W460x 74, 

S = 1460 xlO 3 mm 3 =1460xl0" 6 m 3 
cr all =140 MPa = 140 xlO 6 Pa 
M all = 5cr all = (1460 x 10“ 6 )(140x 10 6 ) 
= 204.4 x 10 3 N • m = 204.4 kN • m 
Reactions: By symmetry, A = B, C = D 

+tXF; =0: A + B-( 6)(66) = 0 
A = B = 198 kN = 198 x 10 3 N 

+IF y =0: C + D- 661 = 0 
C = D = (33/) kN 

Shear and bending moment in beam AB : 

0 <x<a, F = 198-66xkN 

M = 198x - 33x 2 kN • m 
At C, x = a. M - M max 

M = 198a - 33a 2 kN • m 

,2 


Set M =M. 


all- 


198a -33a =204.4 

,2 


a 


33a - 198a + 204.4 = 0 

4£J5Tm, 1.32487 m 

/ = 6 -2a = 3.35 m 
C = D = 110.56 kN 



( 1 ) 


— 3.32Tm - 
(I P.S6 Uu 





(a) By geometry, 

From (1), 

Draw shear and bending moment diagrams for beam CD. V = 0 at point E , the midpoint of CD. 
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PROBLEM 5.93 (Continued) 


Area from A to E : 


f r lx J 

fi 

\Vdx = - (11 0.560) 

-i 

J 2 1 

y 


: 92.602 kN-m 


M e = 92.602 kN • m = 92.602 x 10 3 N • m 




All 


92.602 x 10 
140 xlO 6 


= 661.44x10"° irk 


= 661.44xl0 3 mm 3 


Shape 

5(10 3 mm 3 ) 


W410x46.1 

773 


W360x44 

688 ^ 

(/ b ) Use W360x44. ◄ 

W310x52 

747 


W250x58 

690 


W200x 71 

708 
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PROBLEM 5.94 


W D + W L 



P 


A roof structure consists of plywood and roofing material 
supported by several timber beams of length L = 16 m. The 
dead load carried by each beam, including the estimated weight 
of the beam, can be represented by a uniformly distributed load 
w D = 350 N/m. The live load consists of a snow load, 
represented by a uniformly distributed load w L = 600 N/m, and 
a 6-kN concentrated load P applied at the midpoint C of each 
beam. Knowing that the ultimate strength for the timber used is 
Gjj — 50 MPa and that the width of the beam is b = 75 mm, 
determine the minimum allowable depth h of the beams, using 
LRFD with the load factors y D = 1 .2, y L = 1.6 and the 
resistance factor $ = 0.9. 
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PROBLEM 5.95* 


W D + W L 



P 


Solve Prob. 5.94, assuming that the 6-kN concentrated load P 
applied to each beam is replaced by 3-kN concentrated loads Pi 
and P 2 applied at a distance of 4 m from each end of the beams. 

PROBLEM 5.94* A roof structure consists of plywood and 
roofing material supported by several timber beams of length 
L =16 m. The dead load carried by each beam, including the 
estimated weight of the beam, can be represented by a uniformly 
distributed load w D = 350 N/m. The live load consists of a snow 
load, represented by a uniformly distributed load w L = 600 N/m, 
and a 6-kN concentrated load P applied at the midpoint C of each 
beam. Knowing that the ultimate strength for the timber used is 
cjjj = 50 MPa and that the width of the beam is 6 = 75 mm, 
determine the minimum allowable depth h of the beams, using 
LRFD with the load factors y D =1.2, y L =1.6 and the resistance 
factor (j) = 0.9. 
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PROBLEM 5.96* 



A bridge of length L = 48 ft is to be built on a secondary road whose 
access to trucks is limited to two-axle vehicles of medium weight. It 
will consist of a concrete slab and of simply supported steel beams 
with an ultimate strength of cr^ = 60 ksi. The combined weight of 
the slab and beams can be approximated by a uniformly distributed 
load w = 0.75 kips/ft on each beam. For the purpose of the design, it 
is assumed that a truck with axles located at a distance a = 14 ft from 
each other will be driven across the bridge and that the resulting 
concentrated loads and P 2 exerted on each beam could be as 
large as 24 kips and 6 kips, respectively. Determine the most 
economical wide-flange shape for the beams, using LRFD with the 
load factors y D =1.25, y L =1.75 and the resistance factor $ = 0.9. 
[Hint: It can be shown that the maximum value of | M L \ occurs under 
the larger load when that load is located to the left of the center of the 
beam at a distance equal to aP 2 /2(P x + P 2 ) .] 
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PROBLEM 5.97* 



Assuming that the front and rear axle loads remain in the same ratio 
as for the truck of Prob. 5.96, determine how much heavier a truck 
could safely cross the bridge designed in that problem. 

PROBLEM 5.96* A bridge of length L = 48 ft is to be built on a 
secondary road whose access to trucks is limited to two-axle vehicles 
of medium weight. It will consist of a concrete slab and of simply 
supported steel beams with an ultimate strength of a v = 60 ksi. The 
combined weight of the slab and beams can be approximated by a 
uniformly distributed load w = 0.75 kips/ft on each beam. For the 
purpose of the design, it is assumed that a truck with axles located at 
a distance a = 14 ft from each other will be driven across the bridge 
and that the resulting concentrated loads P 1 and P 2 exerted on each 
beam could be as large as 24 kips and 6 kips, respectively. Determine 
the most economical wide-flange shape for the beams, using LRFD 
with the load factors y D =1.25, y L =1.75 and the resistance factor 
^ = 0.9. [Hint: It can be shown that the maximum value of | M L \ 
occurs under the larger load when that load is located to the left of 
the center of the beam at a distance equal to aP 2 H(P x + P 2 ) .] 


SOLUTION 


Z = 48 ft a = 14 ft P x =24 kips 

P 2 = 6 kips W = 0.75 kip/ft 


See solution to Prob. 5.96 for calculation of the following: 


M d = 2592 kip • in. M L =3831 kip • in. 


For rolled-steel section W27 x 84, S = 213 in 3 


Allowable live load moment M* L : 


Yd m d + Yl m 1 = <P M u = <P a u s 
— Yd^d 
Yl 

_ (0.9)(60)(2 1 3) - (1 ,25)(2592) 
1.75 

= 4721 kip -in. 


Ratio: Mi = 4721 =1.232 = 1 + 0.232 

M l 3831 

Increase: 23.2% A 
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r B C 


a ► 

a ► 


PROBLEM 5.98 

(a) Using singularity functions, write the equations defining the shear 
and bending moment for the beam and loading shown. ( b ) Use the 
equation obtained for M to determine the bending moment at point C and 
check your answer by drawing the free-body diagram of the entire beam. 


SOLUTION 


w = w 0 -w 0 (x-a)° 
dV 
dx 


, v T r / \1 dM 

(a) V = -w 0 x + w 0 (x - a) 

dx 


M 


-—w 0 x 2 + — w 0 (x-a) 2 A 


At point C, 
2 


x-2 a 


(b) M c =-—Wq(2o) 2 + —w 0 a 2 


Check: 


+>M C = 0: |^J( Wo a) + M c =0 


M, 


c ---w 0 a 


\fJo 


. . 3 2 ^ 

M c = — w 0 a A 


M 

1 3 



L2 

r > 



L A 

1 


G> 




t iwa 

a | i ° 
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PROBLEM 5.99 

(a) Using singularity functions, write the equations defining the shear 
and bending moment for the beam and loading shown. ( b ) Use the 
equation obtained for M to determine the bending moment at point C 
and check your answer by drawing the free-body diagram of the entire 
beam. 


SOLUTION 


^0* / \0 W 0 ! 

w = — w 0 (x - a) -(x-a) 

a a 

dV 

dx 


, v jr w Q xr / \1 w 0 2 dM 

( a ) V = \-w 0 (x- a) h — -(x-a) = — - — 

2 a 


2^ 
2 a 


dx 


At point C, 


x = 2 a 


(b) M c =- ^1 


6a 


6a 


Check: +)IM C = 0: 


4a 


-w 0 a I + M q —0 


M r 


nr w 0 / \ 2 w 0 / \ 3 ^ 

M — 1 (x — a) H (x — a) ^ 

6a 2 6a 


2 l ^ 

M c = —^ w o a ^ 


^amc 


B 


f 
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w 0 



PROBLEM 5.100 

(a) Using singularity functions, write the equations defining the shear 
and bending moment for the beam and loading shown. ( b ) Use the 
equation obtained for M to determine the bending moment at point C 
and check your answer by drawing the free-body diagram of the entire 
beam. 


SOLUTION 


w = w 0 o _ + _ o _( x _ a ) 1 

a a 
dV 
dx 


(a) V = -w 0 x + ^-^(x-a) 2 =^ 
2 a 2 a 


dM 

dx 


At point C, 


x = 2 a 


{b) Mc _ ^o( 2 «) + w 0 {2a) _w 0 a 


6a 6a 


Check: + > )SM c =0: | —a 


M c ~ , w o a 
6 

Worry. 


e> 


a ^ 

TW 0 a 

\ z y 


+ M C = 0 




/ 1 


M = - 


M^ + V _2^ <x _ a) 3 « 
2 6a 6a 


M c=- 7 w o« 2 ^ 
6 
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PROBLEM 5.101 

(a) Using singularity functions, write the equations defining the shear 
and bending moment for the beam and loading shown. Q b ) Use the 
equation obtained for M to determine the bending moment at point E , 
and check your answer by drawing the free-body diagram of the portion 
of the beam to the right of E. 


SOLUTION 

LO U) 

v vB C E 


■h»h~+4 


wo. 


coo. 




CJ 



i 1 

[ > 

' > 






J i 

^ CA. T 


D 

U)6 1 


w = w- w(x - a) 0 + w(x - 3a)° 

(a) V = wa - j w dx 

= wa - wx + w(x - a) 1 - w(x - 3a) 1 




M - \Vdx 


= wax - wx 2 / 2 + (wl 2)(x - a) 2 - (w/2)(x - 3a) 2 A 

( b ) At point E , x = 3a 

M e = wa(3a) - w(3a) 2 /2 + ( w/2)(2a ) 2 = wa 2 / 2 ^ 


+) ^M e = 0: wa(a) - (wa) — - M E = 0 M E = wa 2 /! (Checks) 

v2 ) 
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PROBLEM 5.102 

w 0 



(a) Using singularity functions, write the equations defining the shear 
and bending moment for the beam and loading shown. ( b ) Use the 
equation obtained for M to determine the bending moment at point E , 
and check your answer by drawing the free-body diagram of the portion 
of the beam to the right of E. 
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. J 

A JZ 

N 

p PROBLEM 5.103 

JED 

• (a) Using singularity functions, write the equations defining the shear 

-Ar^ 

tJ 

— a — >- 

— j— and bending moment for the beam and loading shown, (b) Use the 

equation obtained for M to determine the bending moment at point E , 
and check your answer by drawing the free-body diagram of the portion 
of the beam to the right of E. 


SOLUTION 


+)z M d = 0: -4 aA + 3aP + 2aP = 0 A = 1 .25 P 


(а) V = 1 .25P - P<jc - a) 0 - P<jc - 2a>° 

(б) At point E , x = 3a 

Reaction: +tx/^=0: A-P-P+D= 0 

+yLM E = 0: -M e + 0.750Pa = 0 

M p 0 

W- a. 

p 



◄ 

M = \25Px - P(x - a) 1 - P(x - 2a) 1 ◄ 

M e = 1.25P(3a) - P(2a) - P(a) = 0.750Pa ◄ 
Z> = 0.750P T 


M e = 0.75(XPa 
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PROBLEM 5.104 

(a) Using singularity functions, write the equations for the shear and 
bending moment for beam ABC under the loading shown. ( b ) Use the 
equation obtained for M to determine the bending moment just to the right 
of point B. 


SOLUTION 


(a) E M c = 0 : (2 a)P + aP - 2 (Pa) + 2 aR A = 0 



V = (R a -P)-P(x- a) 0 



--~P-P(x-a)° 


dM 

dx 


—P-P(x-a) 0 


M 


~P- X ~ P( x ~ a Y + Pa + Pa(x - a )° 


( b ) Just to the right of point B , x = a + 


◄ 


1 3 

M- — Pa -0 + Pa + Pa =—Pa M 

2 2 
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PROBLEM 5.105 

(a) Using singularity functions, write the equations for the shear and 
bending moment for beam ABC under the loading shown, (b) Use the 
equation obtained for M to determine the bending moment just to the 
right of point B. 
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PROBLEM 5.106 

(a) Using singularity functions, write the equations for the shear and 
bending moment for the beam and loading shown, (b) Determine the 
maximum value of the bending moment in the beam. 


SOLUTION 




+)IM e = 0: -4.5^ +(3.0)(48) + (1.5)(60)-(0.9)(60) = 0 
R a = 40 kN 


(a) 

V = 40-48(x-1.5)° 

- 60(x - 3.0>° + 60(x - 3.6)° kN 

◄ 


M = 40x - 48(x - 1 .5) 

1 - 60(x - 3.0) 1 + 60(x - 3.6) 1 kN • m 

◄ 


Pt. 

x(m) M(kN-m) 



A 

0 0 



B 

1.5 (40)(1 .5) = 60 kN • m 



C 

3.0 (40)(3.0) - (48)(1 .5) = 48 kN • m 



D 

3.6 (40)(3 .6) - (48)(2. 1) - (60)(0.6) = 7.2 kN • m 



E 

4.5 (40)(4.5) - (48)(3.0) - (60)(1 .5) + (60)(0.9) = 0 


(b) 


V-nax = 60 1<N ■ 

m ◄ 
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PROBLEM 5.107 

(a) Using singularity functions, write the equations for the shear and 
bending moment for the beam and loading shown. ( b ) Determine the 
maximum value of the bending moment in the beam. 


SOLUTION 

+) ZM b = 0 : (1 5)(3) -12 C + (8)(6)C + (4)(6) = 0 
C = 9.75 kips T 

(a) V = -3 + 9.75(x - 3)° - 6(x - 7)° - 6<jc - 1 1)° kips 

◄ 

M = — 3jc + 9.75(x 

1 

1 

os 

1 

1 

os 

1 

h 5' 

◄ 

Pt. 

x(ft) M(kip • ft) 


A 

0 0 


C 

3 _ (3)(3) = -9 


D 

7 — (3)(7) + (9.75)(4) = 18 


E 

11 — (3)(1 1) + (9.75)(8) - (6)(4) = 21 <- maximum 


B 

15 (3)(15) + (9.75)(12) - (6)(8) - (6)(4) = 0 


(b) 

|M| max 

= 21.0 kip -ft ◄ 
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25 kN/m 

PROBLEM 5.108 



c , \ TT 

^ D yd) using singularity functions, write tne equations ior tne snear and 

fl 

^40 kN 40 kN 1 

bending moment for the beam and loading shown. ( b ) Determine the 
L maximum value of the bending moment in the beam. 

0.6 m 1.8 m 0.6 m 


SOLUTION 


(a) 

By symmetry, R A = R D 



+tEF y =0: R a + R d -40- (1 .8)(25) - 40 = 0 



R a = R d = 62.5 kN 



w = 25(x - 0.6>° - 25(x - 2.4)° =-— 

dx 



V = 62.5 - 25{x - 0.6) 1 + 25<x - 2.4) 1 - 40<x - 0.6>° - 40<x - 2.4)° kN 

◄ 


M = 62. 5 x - I2.5(x - 0.6> 2 + 12.5(x - 2.4) 2 - 40(x - 0.6) 1 - 40<x - 2.4) 1 kN • m 

◄ 

(b) 

Locate point where V = 0 . Assume 0.6 < x < 1.8 



0 = 62.5 - 25(x* - 0.6) + 0-40-0 /=1.5m 



M = (62.5)(1 .5) - (12.5)(0.9) 2 + 0 - (40)(0.9) - 0 = 47.6 kN • m 

◄ 
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3 kips/ft ^ 3 kip S /ft 


A 

JL 


1 


D E 


3 ft 


-4 ft ft 


3 ft 


PROBLEM 5.109 

(a) Using singularity functions, write the equations for the shear and 
bending moment for the beam and loading shown. ( b ) Determine the 
maximum value of the bending moment in the beam. 


SOLUTION 

+)ZM B = 0: - 14A + (12.5)(3)(3) + (7)(8) + (1.5)(3)(3) = 0 
A = 13 kips t 

w = 3-3<x-3>°+3<x-ll>° =-— 

dx 

(a) V = 13-3x + 3(x-3y -8(x-7)° -3(x-liy kips ◄ 

M = \3x-\.5x 2 +\.5{x-3) 2 -8{x-l) x -\.5{x-U) 2 kip • ft ◄ 

V c =13- (3)(3) = 4 kips 
V D - = 13 - (3)(7) + (3)(4) = 4 kips 
V D+ = 13 - (3)(7) + (3)(4) - 8 = -4 kips 
V e =13- (3)(1 1) + (3)(8) - 8 = -4 kips 
V B =13- (3)(14) + (3)(1 1) - 8 - (3)(3) = -13 kips 

(b) Note that V changes sign at D. 

\MU =M d =(1 3X7) - (1 .5)(7) 2 + (1 .5)(4) 2 - 0 - 0 

|M| max =41.5kip.ft ◄ 
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24 kN 24 kN 



PROBLEM 5.110 



W250 X 28.4 


( a ) Using singularity functions, write the equations for 
the shear and bending moment for the beam and 
loading shown. ( b ) Determine the maximum normal 
stress due to bending. 


SOLUTION 


+)I :M e =0: - 3 R a + (2.25X24) - (1.5)(24) - (0.75X24) + (0.75X24) = 0 
R a = 30 kips 

+)ZM a =0: - (0.75)(24) - (1 .5)(24) - (2.25)(24) + 3R E - (3.75)(24) = 0 
R e = 66 kips 

(a) F = 30- 24(x - 0.75)° - 24(x - 1 .5)° - 24 (jc - 2.25)° + 66<x - 3)° kN ◄ 


M = 30x 

-24(jc-0.75) 1 

- 24(jc - 1 .5) 1 - 24(jc - 2.25) 1 + 66(x - 3) 1 kN • m 

Point 

x{m) 

M(kN-m) 

B 

0.75 

(30)(0.75) = 22.5 kN • m 

C 

1.5 

(30X1 .5) - (24)(0.75) = 27 kN • m 

D 

2.25 

(30X2.25) - (24)(1 .5) - (24)(0.75) = 13.5 kN • m 

E 

3.0 

(30X3.0) - (24X2.25) - (24)(1 .5) - (24X0.75) = -1 8 kN • m 

F 

3.75 

(30X3.75) - (24X3.0) - (24X2.25) - (24)(1.5) + (66X0.75) = 0 Z 


Maximum \M\ = 27 kN • m = 27 x 30 3 N • m 


For rolled-steel section W250x28.4, S = 308 xlO 3 mm 3 = 308 x 10 6 m 3 


( b ) Normal stress: 



27 x IQ 3 
308 xlO -6 


= 87.7xl0 6 Pa 


a- = 87.7 MPa ◄ 
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50 kN 


1 125 kN 


» • \ 

\c D ' 


~ ^ 


~~ i 

^ — 0.5 m 



0.3 m 0.4 m 0.2 m 


^ S150 X 18.6 


PROBLEM 5.111 

(a) Using singularity functions, write the equations for 
the shear and bending moment for the beam and loading 
shown. ( b ) Determine the maximum stress due to bending. 


SOLUTION 


+)l :M d = 0: (1.2)(50) - 0.95 + (0.5)(125) - (0.2)(50) = 0 
B = 125 kN t 

+)l M b = 0: (0.3)(50) - (0.4)(125) + 0.9 D - (1.1)(50) = 0 
D = 100 kN t 

(a) V = -50 + 125(x-0.3)° -125(x-0.7)° + 100(x-1.2)° kN ◄ 

M = -50x + 125(x-0.3> 1 -\25{x-0.1) x + 100<x-1.2) 1 kN-m ◄ 


Point 

x(m) 

M(kN-m) 

5 

0.3 

-(50)(0.3) + 0- 0 + 0 = -15 kN-m 

C 

0.7 

-(50X0.7) + (125)(0.4) - 0 + 0 = 15 kN-m 

D 

1.2 

-(50X1 .2) + (1 25X0.9) - (1 25X0.5) + 0 = -1 0 kN • m 

E 

1.4 

-(50X1-4) + (125X1.1) - (125X0.7) + (100)(0.2) = 0 (checks) 


Maximum |m| = 15 kN-m = 15 x 10 3 N-m 


For S150xl8.6 rolled-steel section, S = 120xl0 3 mm 3 =120x10 6 m 3 


(b) Normal stress: 



15 x IQ 3 
120 xlO -6 


= 125xl0 6 Pa 


<j = 125.0 MPa ◄ 
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40 kN/m 



^ S310 X 52 


PROBLEM 5.112 

(a) Using singularity functions, find the 
magnitude and location of the maximum 
bending moment for the beam and loading 
shown, (j b ) Determine the maximum normal 
stress due to bending. 


SOLUTION 

+)M C = 0: 18 - 3.6A + (1.2)(2.4)(40) -21 = 0 
A = 29.5 kN T 

V = 29.5 - 40(x - 1.2) 1 kN 

Point D . V = 0 29.5 -40(x fl -1.2) = 0 

x D = 1.9375 m 

M = - 18 + 29. 5x - 20 (x - 1.2) 2 kN • m 
M A = -18 kN • m 

M d = -18 + (29.5)(1.9375) - (20)(0.7375) 2 = 28.278 kN • m 
M e = -18 + (29.5)(3.6) - (20)(2.4) 2 = -27 kN • m 
(a) Maximum |M| = 28.3 kN • m at x = 1.938 m 

For S3 10 x 52 rolled-steel section, S = 624 x 10 3 mm 3 

= 624 x 10 _6 m 3 

(l b ) Normal stress: a = M = 28278 x ^ = 45.3 x 10 6 p a 

5 624 x Nr 6 


◄ 


cr = 45.3 MPa ◄ 
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PROBLEM 5.113 



W530 X 66 


( a ) Using singularity functions, find the magnitude and 
location of the maximum bending moment for the beam and 
loading shown. ( b ) Determine the maximum normal stress 
due to bending. 


SOLUTION 


+)I :M b = 0: -4.5,4 + (2.25)(4.5)(40) + (2.7)(60) + (0.9)(60) = 0 
+yLM A = 0: — (2.25)(4.5)(40) - (1.8)(60) - (3.6)(60) + 4.55 = 0 

dV 

w = 40 kN/m = 

dx 

v = -40x + 138- 60(x - 1 .8)° - 60(x -3.6)° = — 

dx 

M = -20x 2 -138x- 60(x - 1.8) 1 - 60(x - 3.6) 1 
F c + =-(40)(1.8) + 138-60 = 6kN 
V D = -(40)(3.6) + 138 - 60 = -66 kN 
Locate point E where V = 0. It lies between C and D. 

V E =-40% +138-60 + 0 = 0 x E =1.95 m 

M e = — (20)(1 ,95) 2 + (138)(1.95) - (60)(1.95 - 1.8) = 184 kN • m 


A = 138 kN t 
B = 1 62 kN T 


(a) |M| max =184kN-m = 184xl0 3 N-m at x = 1.950m4 

For W530x 66 rolled-steel section, S = 1340xl0 3 mm 3 = 1340xl0 -6 m 3 

0 b ) Normal stress: cr= l M lmax = 184x10 = i37.3 x io 6 p a cr = 137.3MPa^ 

5 1340 xlO^ 6 
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2.4 kips/ft i 

12 kips 

f y 

12 kips PROBLEM 5.114 

r 





A oeam is Demg designed to t>e supported and loaded as snown. [a) using 
singularity functions, find the magnitude and location of the maximum 

A 



— 

B 

c 

2 

bending moment m tne beam, yb) Knowing tnat tne allowable normal 
stress for the steel to be used is 24 ksi, find the most economical wide- 
flange shape that can be used. 

6 ft 

6 ft 

3 ft 


SOLUTION 


+)ZM C = 0 : -15^ + (7.5)(1 5)(2.4) - (9)(1 2) - (3)(1 2) = 0 


R a = 27.6 kips 
w = 2.4 kips/ft ■ 


dV 

dx 


V B~ 


V = 27.6 - 2.4x - 12(x - 6>° - 12<x - 12)° kips 
= 27.6 - (2.4)(6) = 13.2 kips 

= 27.6 - (2.4)(6) - 12 = 1.2 kips 


Point where V = 0 
27.6 - (2.4)(12) - 12 = -13.2 kips | lies between B and C. 


Locate point E where V = 0. 


0 = 27.6 - 2Ax F -12-0 


6.50 ft 


At point E, 


M = 27. 6x - 1.2x 2 - 12(x - 6) 1 - 12<x - 12) 1 kip • ft 

(x = 6.5 ft) M = (27.6)(6.5) - (1.2)(6.5) 2 - (12)(0.5) - 0 
= 122.70 kip • ft = 1472.40 kip • in. 

Maximum \M\ 122.7 kip -ft at x = 6.50 ft 

\m\ 1472.40 ^ . . . 3 

= 61.35 in 3 


°min 

CT all 

24 

Shape 

5(in 3 ) 

W21x44 

81.6 

W18x50 

88.9 

W16x40 

64.7 

W14x43 

62.6 

W12x50 

64.2 

W10x68 

75.7 


<- 


Answer: W16x40 A 
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22.5 kips 



PROBLEM 5.115 

A beam is being designed to be supported and loaded as shown. ( a ) Using 
singularity functions, find the magnitude and location of the maximum 
bending moment in the beam. ( b ) Knowing that the allowable normal 
stress for the steel to be used is 24 ksi, find the most economical wide- 
flange shape that can be used. 


SOLUTION 

+) IM C = 0 : - 1 5R a + (7.5)(1 5)(3) + (1 2)(22.5) = 0 

= 40.5 kips t 

„ , . JJ? dV 

w = 3 kips/ft = 

dx 

V = 40.5 - 3jc - 22.5(x - 3)° kips 
M = 40.5* - 1 .5x 2 - 22.5(x - 3) 1 kip • ft 
(a) Location of point D where V = 0. Assume 3 ft < < 12 ft. 

At point D, (x = 

6 ft). 

0 = 40.5 - 3 x d - 22.5 x D = 6 ft 
M = (40.5)(6) - (1 ,5)(6) 2 - (22.5X3) 

Maximum \M : 


= 121.5 kip-ft = 1458 kip in. 

|M| max = 1 2 1 .5 kip • ft at x = 6.00 ft ◄ 

( b ) Shape 

5 (in 3 ) 

_ M 1458 3 

5 min = = = 60 ' 75 ln 

CT all 24 

W21x44 

81.6 


W18x50 

88.9 


W16x40 

64.7 • 

<— Wide-flange shape: W16x40 M 

W14x 43 

62.6 


W12x50 

64.2 


W10x 68 

75.7 
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480 N/m 



30 mm 


-H I- 



PROBLEM 5.116 

A timber beam is being designed with supports and loads as 
shown, (a) Using singularity functions, find the magnitude and 
location of the maximum bending moment in the beam. 
(b) Knowing that the available stock consists of beams with an 
allowable normal stress of 12 MPa and a rectangular cross section 
of 30-mm width and depth h varying from 80 mm to 160 mm in 
10-mm increments, determine the most economical cross section 
that can be used. 


SOLUTION 


480 N/m = 0.48 kN/m 

f i 'N 


( 1 i 

+)SM c =0: -4R a + (3) - (1.5)(0.48) + (1.25)(2.5)(0.48) = 0 

\2J 

= 0.645 kN t 

w = -^x--^(x-1.5> 1 = 0.32* -0.32<x-1.5) 1 kN/m = -— 

1.5 1.5 dx 

V = 0.645 -0.16x 2 + 0.16(x-1.5) 2 kN 
M = 0.645.x - 0.053333x 3 + 0.053333<x - 1 ,5> 3 kN • m 


(a) Locate point D where V = 0. 


Assume 1.5m<x 1) <4m. 


0 = 0.645 - 0. 1 6 x 2 d + 0. 1 6(x d - 1 . 5) 2 
= 0.645 - OJ^x^ + OJ&x^ - 0.48x d + 0.36 
x D = 2.0938 m 


x D = 2.09 m 4 


At point D, 


M d = (0.645X2.0938) - (0.053333)(2.0938) 3 + (0.053333)(0.59375) 3 


M d =0.87211 


M d = 0.872 kN -m ◄ 


S- = Md. = 0-87211x10 = y2 _ 676 x 10 -6 ffi 3 = 72 ^j 6 x iq 3 mm 3 


7 all 


12x10° 


1 / GS 

For a rectangular cross section, S = ~bh 2 h = 4 /— 


h = 

1 t 'min 


(6)(72.676xl0 J ) 


30 


= 120.562 mm 


(b) At next larger 10-mm increment, 


h = 130 mm A 
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PROBLEM 5.117 


500 N/m 



A timber beam is being designed with supports and loads as 
shown. (< a ) Using singularity functions, find the magnitude and 
location of the maximum bending moment in the beam. 
(b) Knowing that the available stock consists of beams with an 
allowable stress of 12 MPa and a rectangular cross section of 
30-mm width and depth h varying from 80 mm to 160 mm in 
10-mm increments, determine the most economical cross section 
that can be used. 


SOLUTION 


500 N/m = 0.5 kN/m 

f i A 


( 1 i 

+)£M C = 0: -4R a +(3.2)(1.6)(0.5) + (1.6) - (2.4)(0.5) = 0 


R, =0.880 kNt 


w = 0.5 - — <* - 1 .6} 1 = 0.5 - 0.20833<jc - 1 .6) 1 kN/m = 

2.4 dx 

V = 0.880-0.5* + 0.104167(*-1.6) 2 kN 

V A = 0.880 kN 


V B = 0.880 - (0.5)(1 .6) = 0.080 kN 

V c =0.880 -(0.5)(4) + (0.1 041 67)(2.4) 2 =-0.520 kN 


Sign change 


Locate point D (between B and C) where V = 0. 0 = 0.880 -0.5x D + 0. 1041 67 (x^, -1.6) 2 


0.104167x 2 -0.83333x^ +1.14667 = 0 


0.83333 ± V(0.83333) 2 - (4)(0.104167)(1. 14667) 
(2X0.104167) 


(x23%2, 1.7658 m 


◄ 


M = 0.880* - 0.25* 2 + 0.347222<* - 1 ,6> 3 kN • m 
M d = (0.880)(1.7658) -(0.25)(1.7658) 2 + (0.34722)(0.1658) 3 =0.77597 kN-m 

(a) M max =0.776 kN-m at * = 1.766 m 4 

S^ a = = 0-77597x10 = 64 664 x 10 -e m 3 = 64 6 64 x 10 3 mm 3 

<J all 12xl0 6 


For a rectangular cross section, S = 




(6)(64.664xl0 3 ) 

30 


= 113.7 mm 


( b ) At next higher 1 0-mm increment, 


h = 120 mm A 
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12 kN 


AL = 0.4 1 


16 kN/m 


1.2 m 


^ By 

i: in i 


ZL 

4 m ► 


PROBLEM 5.118 

Using a computer and step functions, calculate the shear and bending 
moment for the beam and loading shown. Use the specified increment 
AL, starting at point A and ending at the right-hand support. 


SOLUTION 


+>M C = 
= 


0: (5 ,2)(1 2) - 48 + (2)(4)(1 6) = 0 

B = 47.6 kN t 

0: (1.2)(12)-(2)(4)(16) + 4C = 0 

C = 28.4 kN t 

0 ^ 


w=i6(x-i.iy =-— 
dx 


V = -16<x-1.2) 1 -12 + 47.6(x-1.2)° ◄ 
M = -8(jc - 1 .2) 2 - 1 2x + 47.6(x - 1 .2) 1 ◄ 


X 

V 

M 

m 

kN 

kN-m 

0.0 

-12.0 

0.00 

0.4 

-12.0 

-4.80 

0.8 

-12.0 

-9.60 

1.2 

35.6 

-14.40 

1.6 

29.2 

-1.44 

2.0 

22.8 

8.96 

2.4 

16.4 

16.80 

2.8 

10.0 

22.08 

3.2 

3.6 

24.80 

3.6 

-2.8 

24.96 

4.0 

-9.2 

22.56 

4.4 

-15.6 

17.60 

4.8 

-22.0 

10.08 

5.2 

-28.4 

-0.00 


|k| = 35.6 kN ◄ 

I ■max 

\M\ =25.0kN m ◄ 

I !max 
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A L = 0.25 m 



PROBLEM 5.119 

Using a computer and step functions, calculate the shear and bending 
moment for the beam and loading shown. Use the specified increment A Z, 
starting at point A and ending at the right-hand support. 


SOLUTION 


+>M d = 0: -6 R a + (4)(120) + (1)^(3)(36) = 0 


R a = 89 kN 


w = ~( x ~ 3) 1 = \2{x — 3) 1 


V = 89- 120(x - 2)° - 6(x - 3> 2 kN 
M = 89x-120<x-2> 1 - 2{x - 3> 3 kN • m 


◄ 

◄ 


X 

V 

M 




m 

kN 

kN-m 

X 

V 

M 

0.0 

89.0 

0.0 

m 

kN 

kN-m 

0.3 

89.0 

22.3 

5.0 

-55.0 

69.0 

0.5 

89.0 

44.5 

5.3 

-61.4 

54.5 

0.8 

89.0 

66.8 







5.5 

-68.5 

38.3 

1.0 

89.0 

89.0 




1.3 

89.0 

111.3 

5.8 

-76.4 

20.2 

1.5 

89.0 

133.5 

6.0 

-85.0 

-0.0 

1.8 

89.0 

155.8 




2.0 

-31.0 

178.0 




2.3 

-31.0 

170.3 




2.5 

-31.0 

162.5 




2.8 

-31.0 

154.8 




3.0 

-31.0 

147.0 




3.3 

-31.4 

139.2 




3.5 

-32.5 

131.3 




3.8 

-34.4 

122.9 




4.0 

- 37.0 

114.0 




4.3 

-40.4 

104.3 




4.5 

-44.5 

93.8 




4.8 

-49.4 

82.0 





\V\ = 89.0 kN ◄ 

I ■max 

\M\ = 178.0 kN-m ◄ 

1 'max 
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PROBLEM 5.120 

Using a computer and step functions, calculate the shear and bending 
moment for the beam and loading shown. Use the specified increment 
A L, starting at point A and ending at the right-hand support. 


SOLUTION 







0: -12^ + (6)(12)(1.8) + (10)ff 




+>M C = 

(6X1-8) = 0 




Ra = 

15.3 kips 




1.8 1.8 . xl 




w = 

3.6 x + — (x-6) 1 





6 6 





3.6-0.3jc + 0.3(jc-6> 1 





V = 15.3 

-3.6x + 0.15x 2 -0.15(x- 6) 2 kips 4 


V 

M 

M = 15.3jc - 1 .8x 2 + 0.05x 3 - 0.05<x - 6> 3 kip • ft ◄ 

ft 

kips 

kip • ft 



0.0 

15.30 

0.0 

x V 

M 

0.5 

1.0 

13.54 

11.85 

7.2 

13.6 

ft kips 

kip • ft 



1.5 

10.24 

19.1 

9.5 -7.20 

23.6 

2.0 

8.70 

23.8 

10.0 -8.10 

19.8 

2.5 

7.24 

27.8 



3.0 

5.85 

31.1 

10.5 -9.00 

15.5 

3.5 

4.54 

33.6 

11.0 -9.90 

10.8 

4.0 

3.30 

35.6 



4.5 

2.14 

37.0 

11.5 -10.80 

5.6 

5.0 

1.05 

37.8 

12.0 -11.70 

0.0 

5.5 

0.04 

38.0 



6.0 

-0.90 

37.8 



6.5 

-1.80 

37.1 



7.0 

-2.70 

36.0 



7.5 

-3.60 

34.4 



8.0 

-4.50 

32.4 



8.5 

-5.40 

29.9 



9.0 

-6.30 

27.0 


\V\ =15.30 kips ◄ 

1 ■max 





Ml =38.0 kip -ft ◄ 

1 ! max 
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PROBLEM 5.121 

Using a computer and step functions, calculate the shear and bending 
moment for the beam and loading shown. Use the specified increment A Z, 
starting at point A and ending at the right-hand support. 


SOLUTION 

w = — JC - 3<JC - 4.5)° — — <x - 4.5) 1 
4.5 4.5 

= -x-3(x- 4.5>° - - <jc - 4.5) 1 = -— 

3 3 dx 

V = ~x 2 +3{x- 4.5) 1 + |<jc - 4.5) 2 - 4(x - 6)° 

M = --x 3 + -(x - 4.5) 2 + -<* - 4.5) 3 - 4(x - 6)‘ 
9 2 9 



V 

M 

ft 

kips 

kip • ft 

0.0 

0.00 

0.00 

0.5 

-0.08 

-0.01 

1.0 

-0.33 

-0.11 

1.5 

-0.75 

-0.38 

2.0 

-1.33 

-0.89 

2.5 

-2.08 

-1.74 

3.0 

-3.00 

-3.00 

3.5 

-4.08 

-4.76 

4.0 

-5.33 

-7.11 

4.5 

- 6.75 

-10.13 

5.0 

- 6.75 

-13.50 

5.5 

- 6.75 

-16.88 

6.0 

-10.75 

-20.25 

6.5 

-10.75 

-25.63 

7.0 

-10.75 

-31.00 

7.5 

-10.75 

-36.38 

8.0 

-10.75 

-41.75 

8.5 

-10.75 

-47.13 

9.0 

-10.75 

-52.50 


|f| =10.75 kips ◄ 

I !max 

\M\ =52.5 kip -ft ◄ 

1 ! max 
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5 kN/m 




W200 X 22.5 
L = 5 m 
A L = 0.25 m 


PROBLEM 5.122 

For the beam and loading shown, and using a computer and 
step functions, (a) tabulate the shear, bending moment, and 
maximum normal stress in sections of the beam from x = 0 
to x = L , using the increments A L indicated, ( b ) using 
smaller increments if necessary, determine with a 2% 
accuracy the maximum normal stress in the beam. Place the 
origin of the x axis at end A of the beam. 


SOLUTION 


+)ZM d = 0: 


( b ) For rolled-steel section W200 x 22.5, 


-5R a + (4.0)(2.0)(3) + 0. 5X3X5) + (1-5X3) = 0 

R a = 10.2 kN 

w = 3 + 2(x - 2>° kN/m = 

dx 

V = 10.2 - 3* - 2{x - 2) 1 - 3<x - 3.5)° kN 
M = 10.2jc - 1.5x 2 - <jc - 2) 2 - 3<a: - 3.5) 1 kN • m 


5 = 193 x 10 3 mm 3 = 193 x 10" 6 m 3 


◄ 

◄ 




M 

_ max 

_ 16.164 x 10 3 _ 



° max — ^ 

193 xlO -6 

X 

V 

M 

G 

m 

kN 

kN-m 

MPa 

0.00 

10.20 

0.00 

0.0 

0.25 

9.45 

2.46 

12.7 

0.50 

8.70 

4.73 

24.5 

0.75 

7.95 

6.81 

35.3 

1.00 

7.20 

8.70 

45.1 

1.25 

6.45 

10.41 

53.9 

1.50 

5.70 

11.93 

61.8 

1.75 

4.95 

13.26 

68.7 

2.00 

4.20 

14.40 

74.6 

2.25 

2.95 

15.29 

79.2 

2.50 

1.70 

15.88 

82.3 

2.75 

0.45 

16.14 

83.6 


a = 83.8 MPa ^ 
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PROBLEM 5.122 (Continued) 


(a) 


x V M a 


m 

kN 

kN-m 

MPa 

3.00 

-0.80 

16.10 

83.4 

3.25 

-2.05 

15.74 

81.6 

3.50 

-6.30 

15.08 

78.1 

3.75 

-7.55 

13.34 

69.1 

4.00 

-8.80 

11.30 

58.5 

4.25 

-10.05 

8.94 

46.3 

4.50 

-11.30 

6.28 

32.5 

4.75 

-12.55 

3.29 

17.1 

5.00 

-13.80 

0.00 

0.0 


2.83 

0.05 

16.164 

83.8 

2.84 

0.00 

16.164 

83.8 

2.85 

-0.05 

16.164 

83.8 


<- 

\v\ = 13.80 kN ◄ 

I 'max 

\m\ = 1 6. 1 6 kN • m A 

! 'max 
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PROBLEM 5.123 

For the beam and loading shown, and using a computer and 
step functions, {a) tabulate the shear, bending moment, and 
maximum normal stress in sections of the beam from x = 0 
to x = L , using the increments A L indicated, ( b ) using 
smaller increments if necessary, determine with a 2% 
accuracy the maximum normal stress in the beam. Place the 
origin of the x axis at end A of the beam. 


SOLUTION 






+)l M d =0: -4 R b + (6)(5) + (2.5)(3)(20) = 0 

Rb = 

= 45 kN 



w = 20(jc-2)°-20<jc 

-5)° kN/m = — — - 

dx 




V = -5 + 45(x - 2)° - 

20<jc-2> 1 +20<jc- 

■5) 1 kN 


◄ 


M = -5x + 45(x - 2} 1 - 

-10(x-2) 2 +10 (jc- 

-5) 2 kN-m 

◄ 

(a) 

X 

V 

M 

stress 



m 

kN 

kN-m 

MPa 



0.00 

-5 

0.00 

0.0 



0.50 

-5 

-2.50 

-3.3 



1.00 

-5 

-5.00 

-6.7 



1.50 

-5 

-7.50 

-10.0 



2.00 

40 

-10.00 

-13.3 



2.50 

30 

7.50 

10.0 



3.00 

20 

20.00 

26.7 



3.50 

10 

27.50 

36.7 



4.00 

0 

30.00 

40.0 <- 



4.50 

-10 

27.50 

36.7 



5.00 

-20 

20.00 

26.7 



5.50 

-20 

10.00 

13.3 



6.00 

-20 

0.00 

0.0 


(. b ) Maximum M = 30.0 kN • m 

at x = 4.0 m 




◄ 

Maximum |f = 40.0 kN 





◄ 

For rectangular cross section, S - 

1 f]^ 

= - bh 2 = - (50)(300) 2 = 750 x 10 3 mm 3 
6 v6y 

= 750x10“ 

6 m 3 



30xl0 3 

40xl0 6 Pa 


^ _ /m n A/rr>o ^ 

^"max 

S' 750 xlO -6 


^ max ‘ ^ 
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2 kips/ft 



2 in. 

-H K 

| 12 in. 

L = 5 ft 
AL = 0.25 ft 


PROBLEM 5.124 

For the beam and loading shown, and using a computer and 
step functions, (a) tabulate the shear, bending moment, and 
maximum normal stress in sections of the beam from x = 0 to 
x = L, using the increments AL indicated, ( b ) using smaller 
increments if necessary, determine with a 2% accuracy the 
maximum normal stress in the beam. Place the origin of the 
x axis at end A of the beam. 


SOLUTION 


300 lb = 0.3 kips 

+)TM d =0: -5 R a + (4.25)(1 ,5)(2) + (2.5)(2)(1 .2) + (1 ,5)(0.3) = 0 

R a = 3.84 kips 


w = 2 — 0.8(x - 1 .5)° - 1 .2(x - 3.5)° kip/ft 

V = 3.84 - 2x + 0.8<x - 1 .5) 1 + 1 .2(x - 3.5) 1 - 0.3<x - 3.5>° kips ◄ 

M = 3.84x-x 2 +0.4<x-1.5) 2 +0.6<x-3.5) 2 -0.3<x-3.5) 1 kip -ft ◄ 


X 

V 

M 

stress 

ft 

kips 

kip • ft 

ksi 

0.00 

3.84 

0.00 

0.000 

0.25 

3.34 

0.90 

0.224 

0.50 

2.84 

1.67 

0.417 

0.75 

2.34 

2.32 

0.579 

1.00 

1.84 

2.84 

0.710 

1.25 

1.34 

3.24 

0.809 

1.50 

0.84 

3.51 

0.877 

1.75 

0.54 

3.68 

0.921 

2.00 

0.24 

3.78 

0.945 

2.25 

-0.06 

3.80 

0.951 

2.50 

-0.36 

3.75 

0.937 

2.75 

-0.66 

3.62 

0.906 

3.00 

-0.96 

3.42 

0.855 

3.25 

-1.26 

3.14 

0.786 

3.50 

-1.86 

2.79 

0.697 

3.75 

-1.86 

2.32 

0.581 
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PROBLEM 5.124 (Continued) 



V 

M 

stress 

ft 

kips 

kip • ft 

ksi 

4.00 

-1.86 

1.86 

0.465 

4.25 

-1.86 

1.39 

0.349 

4.50 

-1.86 

0.93 

0.232 

4.75 

-1.86 

0.46 

0.116 

5.00 

-1.86 

-0.00 

- 0.000 

2.10 

0.12 

3.80 

0.949 

2.20 

0.00 

3.80 

0.951 

2.30 

-0.12 

3.80 

0.949 


Maximum \M\ = 3.804 kip • ft = 45.648 kip • in. at x = 2.20 ft 
Maximum |f| = 3.84 kip 
Rectangular section: 


2 in.xl2 in. 



(2)(12) 2 


= 48 in 3 


M 45.648 
<J ~Y~ 48 


◄ 

◄ 


a = 0.951 ksi ◄ 
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4.8 kips/ft 


3.2 kips/ft 



B~ 

C 

10 ft 


2.5 ft 2.5 ft 



W12 X 30 
L = 15 ft 
A L = 1.25 ft 


PROBLEM 5.125 

For the beam and loading shown, and using a computer and 
step functions, ( a ) tabulate the shear, bending moment, and 
maximum normal stress in sections of the beam from x = 0 
to x-L , using the increments A L indicated, ( b ) using 
smaller increments if necessary, determine with a 2% 
accuracy the maximum normal stress in the beam. Place the 
origin of the x axis at end A of the beam. 


SOLUTION 







ii 

0: - \2.5R b + (12.5)(5.0)(4.8) + (5)(10)(3.2) = 0 






R b = 36.8 kips 



W = 

4.8 -1.6<x-5)° kips/ft 




v = 

-4.8x + 36.8(x- 

2.5)° +1.6(x- 

■ 5} 1 kips 

◄ 


M = 

-2.4x 2 +36.8<x 

-2.5) 1 +0.8<x 

-5) 2 kip -ft 

◄ 


X 

V 

M 

stress 



ft 

kips 

kip • ft 

ksi 



0.00 

0.00 

0.00 

0.00 



1.25 

-6.0 

- 3.75 

-1.17 



2.50 

24.8 

-15.00 

-4.66 



3.75 

18.8 

12.25 

3.81 



5.00 

12.8 

32.00 

9.95 



6.25 

OO 

OO 

45.50 

14.15 



7.50 

4.8 

54.00 

16.79 



8.75 

0.8 

57.50 

17.88 



10.00 

-3.2 

56.00 

17.41 



11.25 

- 7.2 

49.50 

15.39 



12.50 

-11.2 

38.00 

11.81 



13.75 

-15.2 

21.50 

6.68 



15.00 

-19.2 

0.00 

0.00 



8.90 

0.32 

57.58 

17.90 



9.00 

-0.00 

57.60 

17.91 ^ 



9.10 

-0.32 

57.58 

17.90 
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PROBLEM 5.125 (Continued) 


Maximum \V\ = 24.8 kips 

◄ 

Maximum M = 57.6 kip - ft = 691.2 kip - in. at x = 9.0 ft 
For rolled-steel section W12 x 30, 

◄ 

S = 38.6 in 3 


Maximum normal stress: 


M 691.2 

a = 17.91 ksi 4 


a ~ S ~ 38.6 
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w 



PROBLEM 5.126 

The beam AB , consisting of a cast-iron plate of uniform thickness b and 
length Z, is to support the load shown, (a) Knowing that the beam is to 
be of constant strength, express h in terms of x, L , and h 0 . ( b ) Determine 
the maximum allowable load if L = 36 in., h 0 = 12 in., b = 1.25 in., and 
^11 = 24 ksi. 


SOLUTION 


+ llF y =0: R a +R b -wL = 0 


+ )IM.= 0: —x-wx- + M = 0 
y J 2 2 


vJ 


, r4.y> 


WL 

2 


L/ 


* — 


For a rectangular cross section, 
Equating, 


(a) At x = — , 
2 


(Z) Solving for w, 


S = 


\M\ _ wx(L - x) 


''all 


2(7, 


all 


S = -bh 2 
6 


hh 2 = Wx(L - x) 


2(7, 


all 


h = h 0 


1 3 wL 2 , 
I 4<J all* I 


\ 1/2 


W - 


4cr all M 0 2 _ (4)(24)(1.25)(12) 2 


31 


(3)(36) 2 




W 


wL 


M = -x(L-x) 


h = 


3wx(L - x) 

. ^ . 


i 1/2 


h = h 0 


'i-£' 

i/ 


“ 1 1/2 


w = 4.44 kip/in. ^ 
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p 

PROBLEM 5.127 

1 

r 

1 The beam AB , consisting of a cast-iron plate of uniform thickness b and 


\h 

h length L , is to support the load shown, (a) Knowing that the beam is to 

hp of rrmsdrmt Urpncrfh pxnrpsisi h in terms of x T and hr, (hA TTpfprminp 


- X Ji B 

UL U1 LUllolCHll oil vilg lll ? ^AUl^oo Tl 111 l^llllo U1 ClllU /£(). w/ 1 .L/w It^l llllllC/ 

1 the maximum allowable load if L = 36 in., h 0 = 12 in., b = 1.25 in., and 


« L 

CT a ii = 24 ksi. 


SOLUTION 



V = -P 



£ 

1 

II 

\M\ = Px 


5 =m = 

P 

a: 


°"all 


For a rectangular cross section, 

5 = —bh 2 
6 


Equating, 

l -bh 2 =2^ 

6 ^all 

r \V2 

, 6Px ) 

h = 

l^all b ) 

II 

X 

< 

b = K = j 

>> 1/2 

6PL \ 


CT all b J 



( 1 ) 

( 2 ) 


(a) 

(b) 


Divide Eq. (1) by Eq. (2) and solve for h. 

Solving for P, p = ^JA_ 

6 L 


(24)(1.25)(12) 2 

(6)(36) 


h = h 0 {x/L) V2 ◄ 
P = 20.0 kips A 
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w =w oL 

m 


PROBLEM 5.128 


r^rTTT T 1 1 ^ 

1. 

| I 

The beam AB, consisting of a cast-iron plate of uniform thickness b and 
length Z, is to support the distributed load w(x) shown, (a) Knowing 
that the beam is to be of constant strength, express h in terms of x, Z, 
and h 0 . ( b ) Determine the smallest value of /z 0 if Z=750 mm, 
b- 30 mm, w 0 = 300 kN/m, and cr all = 200 MPa. 


\h 

K 


X 

T 

B 






SOLUTION 


dV _ _ w 0 x 

dx L 

y _ w 0 x 2 dM 
2 L dx 


6L 

5 _|M|_ w 0 x 3 
a a\\ ^Lcr all 


\M\= 


6L 


For a rectangular cross section, 



Equating, 



Wp* 3 

^aii 


h = 


W qJC 3 

O-aii^E 


At x — L, 


h = h 0 




(a) 
Data: 

(b) 


L = 750 mm = 0.75 m, b = 30 mm = 0.030 m 
w 0 = 300 kN/m = 300 x 1 0 3 N/m, <r all = 200 MPa = 200 x 1 0 6 Pa 


I (300x1Q 3 )(0.75) 2 
]j( 200x10 6 )(0.030) 


= 167.7 xl(T 3 m 


h = h a 


f A 3/2 
' X ' 




h 0 = 167.7 mm A 
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PROBLEM 5.129 

The beam AB , consisting of a cast-iron plate of uniform thickness b and 
length L, is to support the distributed load w(x) shown, (a) Knowing 
that the beam is to be of constant strength, express h in terms of v, L, and 
h 0 . ( b ) Determine the smallest value of /z 0 if L - 750 mm, b = 30 mm, 
w 0 = 300 kN/m, and cr all = 200 MPa. 
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P 

PROBLEM 5.130 

A 


C ' 

r 

B The beam AB , consisting of an aluminum plate of uniform thickness b and 

h 


h 0 

_ length L , is to support the load shown, (a) Knowing that the beam is to be 





of constant strength, express h in terms of x, L , and ho for portion AC of the 


— x — 



beam. ( b ) Determine the maximum allowable load if L - 800 mm, 


L/2 

L/2 

h 0 200 mm, b = 25 mm, and cr all = 72 MPa. 


SOLUTION 


R a =R b =~ t 


+')ZM / =0: -—x + M = 0 


, , Px 
M = — 
2 


5 = 


M Px 


^ all ^ u all 


1 , 

For a rectangular cross section, S = —bh 


Equating, 


! 


2cr c 


3Px 


all 


V ^ 


(a) At x = — , 
2 


h = h 0 = 


3PL 

2 ^n b 


For x> replaces by L-x. 




0 < x < — A 
2 


( b ) Solving for P, 


p _ 2 _^K _ (2X72 x 1 0 6 )(0.025)(0.200) 2 _ 6Q Q 1q3 n 
3 L (3)(0.8) 


P = 60.0 kN ◄ 
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. TTX 

iv = Wq sm — 



PROBLEM 5.131 

The beam AB , consisting of an aluminum plate of uniform thickness b and 
length Z, is to support the load shown, (a) Knowing that the beam is to be of 
constant strength, express h in terms of x, L , and ho for portion AC of the 
beam. ( b ) Determine the maximum allowable load if L = 800 mm, 
h 0 = 200 mm, b = 25 mm, and er all = 72 MPa. 


SOLUTION 


dV . nx 

= —w = sm — 

dx L 


dM _ y _ w ( ,L 
dx n 


M - 


w q L 


' 0 ^ nx 

cos — + C 
Z 


7ZX 


— - — sin h Ci x + Co 

7T 2 L 1 2 


At A, x = 0 M = 0 
At B, x — L M = 0 


C 2 = 0 


0 — 0 + 0 + c*2 

2 

WnL 

0 = 0 sin ^ + C X L C, = 0 


71 

M = 


For constant strength, 

For a rectangular section, 


S = 


|m 


. 7TX 

. sm — 

2 z 


viv.Z . nx 
— t — sm — 


all 


71 (7. 


all 


/ = c = —, S = — =—bh 2 

12 2 C 6 


Equating the two expressions for S , — bh 2 = sin — 

6 ^ CTall L 


At x - 


Z 


h = h {) 


l -bhl 


^7 


2 " 6 
(a) Dividing Eq. (1) by Eq. 2, 

(Z) Solving Eq. (1) for w 0 , 
Data: 


/z - cr, 


all 


h 2 . 7TX 

— — = sm — 


Wn = 


6L 2 


( 1 ) 

( 2 ) 


h = ho 


7IX 


sin- 


<T arl = 72 x 10 6 Pa, L = 800 mm = 0.800 m, h 0 = 200 mm = 0.200 m, 
b = 25 mm = 0.025 m 

n 2 (72x 10 6 )(0.025)(0.200) 2 


w n =- 


(6)(0.800) 2 


= 185.1x10 N/m 


185.1 kN/m ◄ 
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PROBLEM 5.132 

A preliminary design on the use of a cantilever prismatic timber 
beam indicated that a beam with a rectangular cross section 2 in. 
wide and 10 in. deep would be required to safely support the load 
shown in part a of the figure. It was then decided to replace that 
beam with a built-up beam obtained by gluing together, as shown in 
part b of the figure, five pieces of the same timber 
as the original beam and of 2 x 2-in. cross section. Determine the 
respective lengths l x and l 2 of the two inner and outer pieces of 
timber that will yield the same factor of safety as the original 
design. 

(b) 
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IV 



■* 6.25 ft 

(a) 



PROBLEM 5.133 

A preliminary design on the use of a cantilever prismatic timber beam 
indicated that a beam with a rectangular cross section 2 in. wide and 
10 in. deep would be required to safely support the load shown in part 
a of the figure. It was then decided to replace that beam with a built-up 
beam obtained by gluing together, as shown in part b of the figure, five 
pieces of the same timber as the original beam and of 2 x 2-in. cross 
section. Determine the respective lengths l x and l 2 of the two inner 
and outer pieces of timber that will yield the same factor of safety as 
the original design. 


SOLUTION 



+)ZMj= 0: wx^ + M = 0 


wx 2 i, r , 

M = \M\= — 

2 2 

MB, 

\M\ B =\M\ max 

AtC, 

\M\ C =|M| max (x c !6.25f 

AtD, 

\M\ d =|M| max (x d /6.25) 2 

At B, 

S B = —bh 2 =-b(5bf =—b 3 
B 6 6 K J 6 

A to C: 

S =-bh 2 =-b(b) 2 =-b 3 
c 6 6 6 

C to D : 

1 , 1 , 9 , 

S D =~bh 2 =-b(2b) 2 =-b 2 

OD 0 


\M\c _f x c Y_S C _ 1 

Mb \6-25 J 25 


W 


A 


UJJ1UJ 




y 




6-25 , „ 

= — p=r = 1.25 ft 

V25 


l x = 6.25 -1.25 ft 


/j = 5.00 ft ◄ 


M\p _ X D 

\M\ b ~{ 6.25 J 


S il= 9_ 
S B 25 


_ 6.2579 
V25 


= 3.75 ft 


l 2 = 6.25 - 3.75 ft l 2 = 2.50 ft ◄ 
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A 



B 


l 


C b ) 


PROBLEM 5.134 

A preliminary design on the use of a simply supported prismatic timber 
beam indicated that a beam with a rectangular cross section 50 mm wide 
and 200 mm deep would be required to safely support the load shown in 
part a of the figure. It was then decided to replace that beam with a 
built-up beam obtained by gluing together, as shown in part b of the 
figure, four pieces of the same timber as the original beam and of 
50x50-mm cross section. Determine the length / of the two outer 
pieces of timber that will yield the same factor of safety as the original 
design. 
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PROBLEM 5.135 

A preliminary design on the use of a simply supported prismatic timber 
beam indicated that a beam with a rectangular cross section 50 mm 
wide and 200 mm deep would be required to safely support the load 
shown in part a of the figure. It was then decided to replace that beam 
with a built-up beam obtained by gluing together, as shown in part b of 
the figure, four pieces of the same timber as the original beam and of 
50x50-mm cross section. Determine the length / of the two outer 
pieces of timber that will yield the same factor of safety as the original 
design. 


SOLUTION 


R ,4 ~ ~ 


0.8 N 


= 0.4 vv 


Shear: 

AtoC: 

D to B : 

Areas: 

^ to C: 

C to E: 

Bending moments: 
AtC, 

AtoC: 

At C, 


( i A 


V = OAw 

V = -0 Aw 

(0.8)(0.4)w = 0.32w 
(0.4)(0.4)w= 0.08w 




M c = 0.40w 


M = 0.40 wx 


S c — bh c 

o 


M C = M max =0.40w 


Let F be the point where the thickness changes. 
At F, 


S F = -bhl 

F 6 F 


M f - 0.40wx 7 


3_ 

J,2 


100 mm 
v 200 mmy 


4 


Mr 0.40wxn 



M r 


0.40w 


x F = 0.25 m — = 1.2 - x F = 0.95 m 

F 2 F 


1= 1.900 m ◄ 
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PROBLEM 5.136 

A machine element of cast aluminum and in the shape of a solid of 
revolution of variable diameter d is being designed to support the load 
shown. Knowing that the machine element is to be of constant strength, 
express d in terms of x, Z, and d 0 . 
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w 

PROBLEM 5.137 





A machine element of cast aluminum and in the shape of a solid of 
1 B revolution of variable diameter d is being designed to support the load 

shown. Knowing that the machine element is to be of constant strength, 

A 1 

C: 

| ° 



« x 


c 

-r r /n v 

express d in terms of x, L , and d 0 . 

' Lu/ Zj 

Li! z 
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PROBLEM 5.138 

A transverse force P is applied as shown at end A of the conical taper AB. 
Denoting by d 0 the diameter of the taper at A, show that the maximum 
normal stress occurs at point H , which is contained in a transverse section 
of diameter d = 1.5 d 0 . 


SOLUTION 


Let 



M = —Px 


d =d 0 +kx 


For a solid circular section, 


I = -c 4 =—d 3 
4 64 

d I 71 /3 71 , j j .3 

c-— S = — = — d = — ( d 0 +kx ) 
2 c 32 32 

— = — (d 0 +kx) 2 k = ^-d 2 k 
dx 32 0 32 


Stress: 


(7 = 


\M\ _ Px 


At H, 


da 1 

dx S 2 


PS - Px H — 
H dx 


= 0 


S-x H — = —d i -x„—d 1 k 


dx 32 


K H 


32 


kxjj — d — (d 0 k H x H ) kx^j — d 0 





d = 1.5 d 0 M 
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SOLUTION 


+)ZMj = 0 : -M-w{L-x)^y- = 0 

M = _ML z xf_ 

2 2 
s JW L= w{L-xl_ 

°"all ^°"all 


For a rectangular cross section, 



1 bh 2 _ w(L-x) 2 b= 3 w(L-x) 2 

6 2<J all CTall ^ 2 


(a) At 

(Z?) Solving for w, 


n a a 3wZ 

x = 0, b = b 0 = — 

a a\\h 


w = 


3L 2 


(24)(8)(0.75) 2 

(3)(15) 2 


= 0.160 kip/in. 


V 


\ 


» N 

J 

n 

r * 



*-L-x A 



b = b n 


1 — 


w = 160.0 lb/in. ◄ 
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PROBLEM 5.140 


Assuming that the length and width of the cover plates used with the beam of Sample Prob. 5.12 are, 
respectively, / = 4 m and b = 285 mm, and recalling that the thickness of each plate is 16 mm, determine the 
maximum normal stress on a transverse section (a) through the center of the beam, (b) just to the left of D. 
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160 kips 



PROBLEM 5.141 

Two cover plates, each j- in. thick, are welded to a 
W27x84 beam as shown. Knowing that / = 10 ft and 
6 = 10.5 in., determine the maximum normal stress on a 
transverse section (a) through the center of the beam, (b) just 
to the left of D. 
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160 kips 



PROBLEM 5.142 

Two cover plates, each j- in. thick, are welded to a W27 x 84 
beam as shown. Knowing that cr all = 24 ksi for both the beam 
and the plates, determine the required value of (a) the length 
of the plates, ( b ) the width of the plates. 


9 ft 


9 ft 
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PROBLEM 5.143 

Knowing that <r all = 150 MPa, determine the largest concentrated 
load P that can be applied at end E of the beam shown. 


SOLUTION 


p 

c 



* “I. * 


a . »i /> 


r* * 

/ 

? 



' D t 

-0.4SSS3P 
8 1 


I 'J&Ornv* 



WVI0> *5 > 





odSP 


-2.x? 


--I.U87S P 


+)IM C = 0: -4.8 A - 2.2 P = 0 

A = -0.45833P A = 0.45833/ 5 1 
+)Y.M A = 0: 4.8D - 7.0P = 0 

D = 1 .45833/* t 
Shear: AtoC: V = -0.45833/* 

C to E: V = P 

Bending moments: M A = 0 

M c = 0 + (4.8)(-0.45833/*) = -2.2 P 
M e = -2.2 P + 2.2 P = 0 


M b = 


M r 


4.8-2.25 


48 , 

2.2 - 1 .25 ^ 


2.2 


(-2.2/*) = -1.16875P 
(-2.2P) = -0.95P 


\M d \ <\M b 


For W410 x 85, S = 1510 x 10 3 mm 3 = 1510xl0“ 6 m 3 


Allowable value of P based on strength at B. 

1.16875/* 


(7 = 


I m e 


150 x 10° = 


1510x10 


-6 


P = 193.8 x 10 3 N 
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PROBLEM 5.143 (Continued) 


Section properties over portion BCD : 

W410 x 85: d = 417 mm, -d = 208.5 mm, / =316xl0 6 mm 4 

2 1 


Plate: 


A = (1 8)(220) = 3960 mm z d = 208.5 + I - 1(18) = 217.5 mm 


/ = (220)(1 8) 3 = 106.92 x 10 3 mm 4 Ad 2 = 187.333 x 10 6 mm 4 


1= I +Ad 2 = 187.440 x 10 6 mm 4 


For section, 


I = 316 x 10 6 + (2)087.440 x 10 6 ) = 690.88 x 10 6 mm 4 
c = 208.5 + 18 = 226.5 mm 


S = -= 690,88 X 10 = 3050.2 X 10 3 mm 3 = 3050.2 x 10 _6 m 3 
c 226.5 


Allowable load based on strength at C: a = 


\M C \ 


150 x 10° 


2 2 P 

P = 208.0 x 10 3 N 


3050.2 x 10 


-6 


The smaller allowable load controls. 


P = 193.8 xl0 J N 


P = 193.8 kN ◄ 
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40 kN/m 



PROBLEM 5.144 

Two cover plates, each 7.5 mm thick, are welded to 
a W460 x 74 beam as shown. Knowing that / = 5 m and 
b = 200 mm, determine the maximum normal stress on 
a transverse section ( a ) through the center of the beam, 
( b ) just to the left of D. 


SOLUTION 


At center of beam, 
At D, 

At center of beam, 


(a) Normal stress: 


At £), 

( b ) Normal stress: 


R A =R B = 160 kN t 

+)T.Mj= 0: -160x + (40x)^- + M = 0 
M = 160x - 20x 2 kN • m 


x = 4 m M c = 320 kN • m 


A 

IQ o 


lio few/** 

nmr 




o 




x =— (8-/) = 1.5 m M D = 195 kN • m 

I = -^beairi + Opiate 


= 333x10 S 6 +2N200)(7.5) 


= 494.8 xlO 6 mm 4 


457 

c = 1-7.5 = 236 mm 


457 7.5 

1 

2 2 ; 


+— (200)(7.5) j 


S = - = 2097 x 10 3 mm 3 = 2097 x 10" 6 m 3 

c 


M 

a = — 

S 


320 xlO 3 
2097 xlO -6 


= 152.6xl0 6 Pa 


cr = 152.6 MPa ◄ 

5 = 1460 x 10 3 mm 3 = 1460 x 10 _6 m 3 

<r = — = 195x10 =133. 6xl0 6 Pa <j = 133.6 MPa ◄ 

5 1460 xlO -6 
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40 kN/m 



PROBLEM 5.145 

Two cover plates, each 7.5 mm thick, are welded to a 
W460x 74 beam as shown. Knowing that cr all =150 MPa 
for both the beam and the plates, determine the required 
value of (< a ) the length of the plates, (b) the width of the 
plates. 


u 


SOLUTION 

R A =R B = 160 kN t 

+)lM / =0: -160 jc + (40jc)( 

M = 160x -20x 2 kN-m 
For W460x74 rolled-steel beam, 

S = 1460xl0 3 mm 3 = 1460xl0 -6 m 3 
Allowable bending moment: 

M all = <j all 5 = (150 x 10 S 6 )(1460 x 10“ 6 ) 

= 219xl0 3 N-m = 219kN-m 
To locate points D and E , set M = M all 

160x-20x 2 =219 20x 2 -160x + 219 = 0 

160 + Vl60 2 -(4)(20)(219) 


+ M = 0 


( 2 )( 20 ) 

(a) x D =1.753 ft x E = 6.247 ft 


x = 1 .753 m and x = 6.247 m 


457 








At center of beam, M = 320 kN -m = 320 x 10 3 N • m c = 1-7.5 = 236 mm 4 

2 

S = E—= 320x10 =2133xl0~ 6 m 3 =2133xl0 3 mm 3 


-"all 


150x10° 


Required moment of inertia: I = Sc = 503.4x1 0 6 mm 4 

But 1 = 7 beam + 2/ plate 


503.4 X 10 6 = 333 x 10 6 + 2\ (b)(1.5) 


^457 7 . 5 ? 1 


l = x F - x n = 4.49 m M 


+—(b)(T5Y 


(b) 


: 333 xl0 6 + 809.2 xlO 3 ^ 


b = 2 1 1 mm 4 
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30 kips/ft 



PROBLEM 5.146 

Two cover plates, each | in. thick, are welded to a W30x99 beam 
as shown. Knowing that 1 = 9 ft and b = 12 in., determine the 
maximum normal stress on a transverse section (a) through the 
center of the beam, ( b ) just to the left of D. 
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30 kips/ft 



PROBLEM 5.147 

Two cover plates, each J- in. thick, are welded to a W30 x 99 
beam as shown. Knowing that cr all = 22 ksi for both the beam 
and the plates, determine the required value of ( a ) the length 
of the plates, ( b ) the width of the plates. 
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PROBLEM 5.148 

For the tapered beam shown, determine (a) the transverse 
section in which the maximum normal stress occurs, ( b ) the 
largest distributed load w that can be applied, knowing 
that cr all = 140 MPa. 


SOLUTION 


Jt A =Jt B =-wiT 


L - 1.2 m 


x \ x 

+ ) L M r = 0 : wL + wx — K M — 0 

' J 2 2 


w i 

M=-(Lx-x 2 ) 
2 


w 


x(L - x) 


For the tapered beam, 


For rectangular cross section, 
Bending stress: 


h = a + kx 

a = 120 mm 

7 300-120 ^ 

k = = 300 mm/m 

0.6 

S = —bh 2 =-b(a + kx) 2 
6 6 

M 3w Lx- x 2 


b (a + kx) 2 
da 


To find location of maximum bending stress, set = 0. 

dx 


W 


til 

>p>r *\ 











da 3 w d I 

[ Lx-x 2 ] 

1 _3wl 

[ (a + kx) 2 (L - 2x) - (Lx - x 2 )2 (a + kx)k | 

dx b dx 1 

[ (a + kx) 2 \ 

1 b 1 

[ (a + kx) 3 J 


3 w I (a + kx)(L - 2x) - 2 k(Lx - x 2 ) I 

b I (a + fe) 3 J 

3w J aL + kLx - lax - - 2kLx + 3*kx^ \ 


3w I aL - (la + kL)x 
b [ (a + kx ) 3 


(a + kx) 
= 0 
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w 

20 mm 

PROBLEM 5.149 

i A- 






B 

< 


120 mm 


h 

t 



> For the tapered beam shown, knowing that w = 160 kN/m, 

determine {a) the transverse section in which the maximum 

T“- 


300 

mm 




-< — x — >- 






normal stress occurs, ( b ) the corresponding value of the 


^ 0 g 



^ Q g j-q ^ 



normal stress. 



, jj| 
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IV 




PROBLEM 5.150 

For the tapered beam shown, determine (a) the transverse section 
in which the maximum normal stress occurs, ( b ) the largest 
distributed load w that can be applied, knowing that 
(Jan =24 ksi. 
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PROBLEM 5.150 (Continued) 


(a) 


aL 


x = 


(4>(60) 


2 a + kL (2)(4) + (£)(6.0) 


K =a + kx m =4 + 1 — |(15) = 6.00 in. 


S m =\K 
6 


(6.00) 2 = 4.50 in 3 


Allowable value of M m : M m = S m cr an = (4.50)(24) = 180.0 kip • in. 

2 (2)(108.0) 


( b ) Allowable value of w: 


w = - 


x m (L-x m ) (15X45) 


= 0.320 kip/in. 


x m =15.00 in. ◄ 


w = 320 lb/in. 4 
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\ A C 1 

P I 

1 B 

n PROBLEM 5.151 

4 in. 

T“- 

8 

in. 


For the tapered beam shown, determine (a) the transverse 
h section in which the maximum normal stress occurs, ( b ) the 


— I 

-< — 30 in. — >- 

-<- 30 in. j- 


largest concentrated load P that can be applied, knowing 
that cr all = 24 ksi. 


SOLUTION 


r a =r b =-T 

Px 


+)1Mj= 0 : -^- + M = 0 


M ■■ 


Px 


f 


0 < x < - 


For a tapered beam, 

For a rectangular cross section, 

Bending stress: 


h = a + kx 


S = -bh 2 =-b (a + he) 2 
6 6 


a = 


M _ 3 Px 

S b(a + Ax) 2 

da 


To find location of maximum bending stress, set = 0. 

dx 


£ 

z 


j 




Data: 


W d \ X \ 

3 P ( a + kx) 2 - x - 2(a + kx)k 

b dx [ (a + far) 2 J 

b (a + Ax) 4 

3 P a -kx 
b (a + kx) 3 

a 

X m 

k 

a = 4 in., k = 

8-4 

= 0.13333 in./in. 


30 


tv 


(a) 


(b) 


x m = = 30 in. 

m 0.13333 

h m =a + kx m = 8 in. 


S m =\bh 2 m = 


— | (8) = 8 in 


M m = a M S m = (24X8) = 192 kip • in. 
p= 2M^ = (2X192) =n8 
30 


= 30.0 in. ◄ 


P = 12.80 kips A 
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250 mm 

250 mm 250 mm 

PROBLEM 5.152 


c JJd 

Draw the shear and bending-moment diagrams for the beam and loading 
shown, and determine the maximum absolute value (a) of the shear, ( b ) of 

50 mm U 

s— — J I"* - 50 mm 

the bending moment. 

75 N 

75 N 



SOLUTION 

Reaction at A: +)M B = 0: -0.750R„ + (0.550)(75) + (0.300X75) = 0 


R a = 85 Nt 


Also, 

AtoC: 

C to D : 

D to B\ 

At A and B , M - 0 
Just to the left of C, 


R b = 65 Nt 


V = 85 N 

V = ION 

V = -65 N 



M 


+)s M c = 0: -(0.25X85) + M = 0 
M = 21.25 N • m 


25 


n 




Just to the right of C, 

+)SM C = 0: -(0.25)(85) + (0.050)(75) + M = 0 

M = 17.50 N • m 

Just to the left of D , 

+)EM d = 0: —(0.50X85) + (0.300X75) + M = 0 
M = 20 N • m 

Just to the right of D, 

+)ZM d = 0 : -M + (0.25X65) = 0 
M = 16.25 kN 



an 


% 


D 

v 


M 


?£■ 


M 


Va 


c 


6 


Ufl.2 


6S 


(«) 


n max =85.0N ◄ 


(b) |M| max =21.3N-m ◄ 
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40 kN • m 




25 kN/m 


r 


- 3.2 m - 


W200 X 31.3 


PROBLEM 5.153 

Draw the shear and bending-moment diagrams for the 
beam and loading shown and determine the maximum 
normal stress due to bending. 
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1.2 kips 

0.8 kips I I 1.2 kips 

^ C Pf fE 



a 1.5 ft 1.2 ft 0.9 ft 


PROBLEM 5.154 



S3 X 5.7 


Determine (a) the distance a for which the absolute value of the 
bending moment in the beam is as small as possible, ( b ) the 
corresponding maximum normal stress due to bending. (See hint of 
Prob. 5.27.) 


SOLUTION 




+)l M c = 0: 0.8a - (1.5)(1.2) - (2.7)(1.2) + (3.6)5 = 0 B = 1.4 - 0.22222 a t 

+)l M b = 0: (0.8X3.6 + a) - 3.6 C + (2.1)(1.2) + (0.9)(1.2) = 0 C = 1.8 + 0.22222a t 
0.9 Bending moment at C: +JZM C = 0: M c + (0.8)(a) = 0 


L- a -i 

o.% 


O' 


ft 




& 


d 

M, 


3 - 

V 


M c = -0.8a 

Bending moment at Z): = 0: 

M d + (0.8)(a + 1.5) - 1.5C = 0 
M d = 1.5 - 0.46667a 

Bending moment at +JLM e = 0: -M E + 0.95 = 0 


c 


h-f.T 


Assume -M c = : 


0.8a = 1.26 — 0.2a 


M e = 1.26 -0.2a 

a = 1.260 ft ◄ 


6 


Mr 


-1.008 kip • ft 


Mr 


1.008 kip • ft M d = 0.912 kip • ft 


Note that \M d \ < 1.008 kip • ft max|A/| = 1.008 kip • ft = 12.096 kip • in. 

S = 1.67 in 3 
12.096 


For rolled-steel section S3 x 5.7 
Normal stress: c 


M 

5 


1.67 


g = 7.24 ksi A 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


865 



PROBLEM 5.155 

For the beam and loading shown, determine the equations of the shear 
and bending-moment curves, and the maximum absolute value of the 
bending moment in the beam, knowing that (a) k = 1, (b) k = 0.5. 


SOLUTION 


( a ) k- 1 . 


<» k ’~2- 




L 


L 


Maximum M occurs at 


dV M w 0 x 

— = -W = kw 0 -(l + k)-y- 
ax L 

w x 2 

V = kwnX- (1 + k)— 1 - C. 

0 2 L 

V = 0 at x = 0 Cj=0 

dM y .. , . w 0 x 2 

— — = V = kw 0 x - (1 + k) -Z— 
ax 2 L 


M - 


kWr<X 2 


-(1 + k) 


WqX_ 

6L 


+ C, 


M = 0 at x = 0 Ct = 0 


M = 


kw 0 x 2 (1 + k)w 0 x 3 


6L 


x = L. 


V 

M = 


V = 

M = 


= w 0 a; 

w 0 x 2 

L 

w 0 x 2 

Wo * 3 

2 

3L 

Ml 

Imax 

_ w qL 
6 

w 0 x 

3w 0 a; 2 

2 

AL 

w 0 x 2 

w o* 3 

4 

AL 


◄ 

◄ 

◄ 

◄ 

◄ 


0 at 


At 

At 


x = -L, 
3 


M = 


w o(^ L ) 2 w o(l L f _w 0 L 2 


AL 


27 


= 0.03704w 0 L 


M = 0 


I^U < 
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250 kN 150 kN 



W410 X 114 


PROBLEM 5.156 

Draw the shear and bending-moment diagrams for the beam 
and loading shown and determine the maximum normal stress 
due to bending. 


SOLUTION 


1 7SP ISO 

c * : -4 

k k P 


V (Ml') 




lS'o 



( 300 1 

V. 


(loo^ 

(-*/«>) 



-20 o 






Maximum \v\ = 200 kN 


w = 0 

+')LM d = 0 : 

- 4 R a + (2X250) - (2)(1 50) = 0 

= 50 kN t 

= 0 : 

4 R d - (2)(250) - (6X150) = 0 

R d = 350 kN t 


Shear: 

Va 

= 50 kN 

A to C: 

V 

= 50 kN 

C to D: 

V 

= 50- 250 = -200 kN 

D to B: 

V 

= -200 + 350 = 150 kN 


Areas of shear diagram: 

A to C: J Vdx = (50X2) = 100 kN • m 

C to D: j Vdx = (-200X2) = -400 kN • m 

DtoB: j Vdx = (150)(2) = 300 kN • m 

Bending moments: M A = 0 

M c = M a +\Vdx = 0 + 100 = 100 kN • m 
M d = M c +\Vdx = 100 - 400 = -300 kN • m 
M b =M d + \ Vdx = -300 + 300 = 0 


Maximum |m| = 300 kN • m = 300 x 10 3 N • m 


For W410 x 114 rolled-steel section, 


2200 xlO 3 mm 3 


2200 x 10 -6 m 3 


\M\ 


- 300 x 10 = 136.4 x 10 6 Pa 


2200 x 10 


-6 


= 136.4 MPa ◄ 
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a 

1 ht. 

\J a 

T 


PROBLEM 5.157 

Beam AB , of length L and square cross section of side a , is 
supported by a pivot at C and loaded as shown, (a) Check that the 
beam is in equilibrium. ( b ) Show that the maximum normal stress 
due to bending occurs at C and is equal to w 0 L 2 /(1.5a) 3 . 


SOLUTION 

(a) Replace distributed load by equivalent concentrated load at the centroid of the area of the load diagram. 

2 L 1 

For the triangular distribution, the centroid lies at x = — . W = —w 0 L 

(a) +| ZF y = 0: R d - W = 0 R D = 2 w 0 L +JLM C = 0: 0 = 0 equilibrium ◄ 

V = 0, M - 0, at v = 0 


^ 2 L dV w n x 

0 < x < — , = -w = — 

3 dx L 


“W 


Just to the left of C, 


Just to the right of C, 


dM _ y _ w o x 

dx 2 L 

m = -^A + Ci 


+ Ci 


.M. 

2L 


6L 


.M. 

6L 


_ w 0 (2L/3) z _ 2 

— WnL 

2 L 9 u 


V = - 


V — — uy, L + / 1 — — Wr,L 
9 18 



Note sign change. Maximum |m| occurs at C. 


= _ rv 0 (2Z/3) 3 _ _4 


6L 


= 

81 0 


Maximum |m| = —w 0 L 2 


For square cross section, 

Im 

(*) ^ = — 


r 1 4 

/ = — a 

12 


c = —a 

2 


c 4 

max _ ^ 

w 0 L 2 6 

8 

w 0 Z 2 , 


I 81 

a 3 

" 27 

a 3 _l 

UJ 


3 ’o^ 2 


<y,„ = 


w 0 L 


(1.5 a) 3 
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PROBLEM 5.158 

in. 

I For the beam and loading shown, design the cross section of the 

h beam, knowing that the grade of timber used has an allowable 
normal stress of 1750 psi. 


SOLUTION 


I *5 


Reactions: By symmetry, A- D. 

= 0: A - |(3)(1.5) - (6)0.5) - |(3)(1.5) -D = 0 

A = D = 6.75 kips T 
Shear diagram: V. 



V(liips) 


A - 6.75 kips 


1 



V B = 6.75 - -(3)0-5) = 4.5 kips 

V c = 4.5 - (6)(l-5) = -4.5 kips 

V D = -4.5 - ^(3)0.5) = -6.75 kips 

Locate point E where V = 0. 

By symmetry, E is the midpoint of BC. 

Areas of the shear diagram: 

A to 5: (3)(4.5) + |(3)(2.25) = 18 kip • ft 

B to E: ^ (3X4.5) = 6.75 kip • ft 

E to C: -t(3)(-4.5) = -6.75 kip • ft 
C to D : By antisymmetry, - 18 kip • ft 
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62 kips 



— 

p 2 

12 ft 

^ i i 


D 


62 kips 


PROBLEM 5.159 

Knowing that the allowable normal stress for the steel used is 24 ksi, 
select the most economical wide-flange beam to support the loading 
shown. 


SOLUTION 

+)SM C = 0: (17X62) - 12 B + (5)(62) = 0 
+)?M b = 0: (5X62) + 12C + (17)(62) = 0 
Shear diagram: 

A to B~ : V = -62 kips 

B + to C": V = -62 + 113.667 = 51.667 kips 

C* to D: V = 51 .661 - 1 1 3 .667 = -62 kips 

Areas of shear diagram: 


B = 113.667 kips t 
C = -113.667 kips or C = 1 13.667 kips i 


A to B : 

B to C : 

C to D\ 

Bending moments: 


(5)(— 62) = —310 kip - ft 
(12)(51.667) = 620 kip -ft 
(5)(— 62) = —310 kip - ft 


m a =o 


M b =0 — 310 = —3 1 0 kip - ft 
M c =-310 + 620 = 310 kip • ft 
M d =310-310 = 0 

|M|max= 310 kip -ft = 3.72 x 10 3 kip -in. 


Required S n 


l^ln 


all 


3.72 xlQ J 
24 


= 155 in 3 


Shape 

•S' (in 3 ) 

W27 x 84 

213 

W21 x 101 

227 

W18 x 106 

204 

W14 x 145 

232 






Use W27 x 84. ◄ 
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PROBLEM 5.160 

Three steel plates are welded together to form the 
beam shown. Knowing that the allowable normal stress 
for the steel used is 22 ksi, determine the minimum 
flange width b that can be used. 


SOLUTION 

Reactions: 


Shear: 
A to B 
B to C 
C to D 
D to E 

Areas: 
A to B 
B to C 
C to D 
D to E 


+)l M e = 0: -42,4 + (37.5X8) + (23.5X32) - (9.5)(32) = 0 
A = 32.2857 kipst 

+)ZM a =0: 42£- (4.5X8) -(18.5X32)- (32.5X32) = 0 

£■ = 39.7143 kipst 
32.2857 kips 

32.2857-8 = 24.2857 kips 
24.2857 -32 = -7.7143 kips 
-7.7143 -32 = -39.7143 kips 

(4.5)(32.2857) = 145.286 kip • ft 
(14)(24.2857) = 340 kip • ft 
(1 4)(-7.7 1 43) = -108 kip • ft 
(9.5X-39.7143) = -377.286 kip • ft 


Bending moments: 


M ,=0 


M b =0 + 145.286 = 145.286 kip -ft 
M c = 145.286 + 340 = 485.29 kip • ft 
M d = 485.29 - 108 = 311.29 kip • ft 
M e =377.29-377.286 = 0 


Maximum \M\ = 485.29 kip • ft = 5.2834 x 10 3 kip • in. 
_ \M\ 5.2834 xlO 3 


-'all 


= 22 ksi 


''all 


1 




/ = — 
12 


22 


( 19) 3 + 2 


: 264.70 in 3 


v.4y 

9.5 + 1 = 10.5 in. 


T(Z,)(1)3 + (Z>)(1)(10) 2 


A 


8 kl 32 kC 32 to 

k k l 



; > 

V* 

\A fV 
■* > 

14- -Ft 

* >■ 

1 

H 


4-.S-fV 
V, k> pi 


32.2857 




1 Z4.2857 




c. ? 

& 

f 

& 

-7.1143 



k>p-t+ 


465.24 


-34.7145 


377.24 



: 428.69 + 200. 176 


: 40.828 + 19.0636 = 264.70 


6 = 11.74 in. ◄ 
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10 kN 


" B 


80 kN/m 



- 

b c 

^ A ™ 


lm 

lm 

^ ‘-t ill 


D 


W530 X 150 


PROBLEM 5.161 

(a) Using singularity functions, find the magnitude and 
location of the maximum bending moment for the beam 
and loading shown, (b) Determine the maximum normal 
stress due to bending. 


SOLUTION 

+)M d = 0: (6)00) - 5 R b + (2)(4)(80) = 0 


R b = 140 kN 


w = 80 (x - 2)° kN/m = -dV/dx 


V = -10 + 140 (x - 1)° - 80 (x - 2) 1 kN 

A to B: 

V = -10 kN 

B to C: 

V = -10+140 = 130 kN 

b 

ii 

o\ 

V = -10+ 140 - 80(4) = -190 kN 

V changes sign at B and at point E (x = x E ) between C and D. 


V = 0 = -10 + 140(x £ - l)° - 80 (x £ - 2) 1 
= -10 + 140 - 80(x^ - 2) x E = 3.625 m 

M = -10x+ 140 (x - l)‘ - 40 (x - 2) 2 kN • m 

At pt. B , x — 1 

M b = — (10)(1) = -10 kN ■ m 

Atpt . E, x = 3.625 

M e = -(10)(3.625) + 040X2.625) - (40)(1.625) 2 = 225.6 kN • m 

(a) 

\M\ = 225.6 kN ■ m at x = 3.63 m ◄ 

1 Imax 

For W530 x 150, 

S = 3720 x 10 3 mm 3 = 3720 x 10“ 6 m 3 

(b) Normal stress: 

\M\ 225.6 xlO 3 ^ in6n 

ci = j — 1 = = 60.6 x 10 Pa 

5 3720 x 10“ 6 


a = 60.6 MPa ◄ 
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Mn 


PROBLEM 5.162 



The beam AB , consisting of an aluminum plate of uniform thickness b and 
length Z, is to support the load shown, (a) Knowing that the beam is to be 
of constant strength, express h in terms of x, Z, and h 0 for portion AC of the 
beam. ( b ) Determine the maximum allowable load if Z = 800 mm, 
h 0 = 200 mm, b = 25 mm, and cr all = 72 MPa. 
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PROBLEM 5.163 

A cantilever beam AB consisting of a steel plate of uniform depth h and variable 
width b is to support the concentrated load P at points. ( a ) Knowing that the beam 
is to be of constant strength, express b in terms of x, L , and b 0 . ( b ) Determine the 
smallest allowable value of h if Z=300mm, Z? 0 =375 mm, P = 14.4kN, and 
cr all =160 MPa. 


SOLUTION 


For a rectangular cross section, 
Equating, 

{a) At x = 0, 

Solving for h , 

Data: 


+)IMj= 0: -M-P(L-x) = 0 
M =-P(L — x) 

\M\ = P(L-x) 
s _\M\_ P{L-x) 

°"all ~ 


7 all 


S = - bh 2 
6 

6 G. 


b = 


all 


6 P(L-x) 


b = b 0 = 


6PZ 

°all^ 


6PL 

°"all^0 




(*) 


L = 300 mm = 0.300 m, b 0 = 375 mm = 0.375 m 
P = 14.4 kN = 14.4 x 10 3 N m, <j all = 160 MPa = 160xl0 6 Pa 

uevm 4xin 3 ¥o -*nm 
h 


(6)(14.4xl0-)(0.300) =208xl0 _3 m 
1 (160x 10 6 )(0.375) 


Ul- 


X * 


A 


b = bn 


x ^ 

1 -- 


= 20.8 mm ^ 
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A JS- B 


PROBLEM 5. Cl 

Several concentrated loads P i (i = 1, 2, n) can be applied to a beam as 
shown. Write a computer program that can be used to calculate the shear, 
bending moment, and normal stress at any point of the beam for a given 
loading of the beam and a given value of its section modulus. Use this 
program to solve Probs. 5.18, 5.21, and 5.25. (Hint: Maximum values will 
occur at a support or under a load.) 


SOLUTION 


Reactions at A and B 

+)™a 

Rn 

Ra 

We use step functions (See bottom of Page 348 of text.) 
We define: 


If x> a 

Then STP ,4 = 1 

Else STP A = 0 

If x>a + L 

Then STP B = 1 

Else STP B = 0 

If X> X: 

Then STP (/) = 1 

Else STP (I) = 0 


V = R a STP A + R b STP B-^P t STP(I) 

i 

M = R A (x- a) STP A + R B (x-a-L) STP B-^P^x-x,) STP (I) 



i 


<j = M/S , where S is obtained from Appendix C. 

Program Outputs 

Problem 5.18 

R a = 80.0 kN R b = 80.0 kN 


X 

V 

M 

a 

m 

kN 

kN-m 

MPa 

2.00 

0.00 

104.00 

139.0 


◄ 
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PROBLEM 5.C1 (Continued) 


Program Outputs (Continued) 
Problem 5.21 


R x = 52.5 kips R 2 = 22.5 kips 


X 

ft 

V 

kips 

M 

kip • ft 

cr 

ksi 

0.00 

-25.00 

0.00 

0.00 

1.00 

27.50 

-25.00 

-7.85 

3.00 

2.50 

30.00 

9.42 

9.00 

-22.50 

45.00 

14.14 

11.00 

0.00 

0.00 

0.00 


Problem 5.25 

R { = 10.77 kips R 2 = 4.23 kips 


X 

ft 

V 

kips 

M 

kip • in. 

(7 

ksi 

0 

-5.00 

0 

0 

5 

5.69 

-300.00 

-10.34 

13 

-4.23 

253.8 

8.75 

18 

-4.23 

0 

0 


◄ 
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PROBLEM 5.C2 



A timber beam is to be designed to support a distributed load and 
up to two concentrated loads as shown. One of the dimensions of 
its uniform rectangular cross section has been specified and the 
other is to be determined so that the maximum normal stress in 
the beam will not exceed a given allowable value cr all . Write a 
computer program that can be used to calculate at given intervals 
A L the shear, the bending moment, and the smallest acceptable 
value of the unknown dimension. Apply this program to solve 
the following problems, using the intervals A L indicated: 
( a ) Prob. 5.65 (AZ = 0.1 m), ( b ) Prob. 5.69 (AZ = 0.3m), 
(c) Prob. 5.70 (Ai = 0.2m). 


SOLUTION 


Reactions at A and B\ 


=0: R B L-P 1 (x l -a)-P 2 (x 2 - a)- w(x 4 -x 3 ) 


^ x d + x, ^ 
— --a 


= 0 


*b=- 


P x (xj — a) + P 2 ( x 2 - a) + — w(x 4 - x 3 )(v 4 + v 3 - 2a) 


R a =P x +P 2 +w(x4 -* 3 )~ r b 
We use step functions . (See bottom of Page 348 of text.) 


Set n = (a + 
For i = 0 to 
We define: 

If x> a 

If x>a + L 
If x>x x 
If x> x 2 
If x> x 3 
If x> x 4 


- + L)/AL 
i: x = (A L)i 

Then STP .4 = 1 
Then STP£ = 1 
Then STP 1 = 1 
Then STP 2 = 1 
Then STP 3 = 1 
Then STP 4 = 1 


Else STP .4 = 0 
Else STP B = 0 
Else STP 1 = 0 
Else STP 2 = 0 
Else STP 3 = 0 
Else STP 4 = 0 



V. ^ 




-rfjr 

/ 

i 

itf- 

P 




4J 



% t 


w t 


' //// 


1 



A 

k 

/ 

> 

% 
XL 

'B 
« 


cx 


V -R a Step .4 + R b STP B — P x STP1 -7^ STP2 - w(x -x 3 )STP3 + w(x-x 4 )STP4 
M = R^(x-a)STP^ + R 5 (x-a-Z)STP5-R 1 (x-x 1 )STPl 
-P 2 (x - x 2 )STY 2 -^w{x - x 2 ) 2 STP 3 + 7 w ( x - ) 4 STP 4 

. = M 

min 

°"all 
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PROBLEM 5.C2 (Continued) 


If unknown dimension is h \ 
From 

If unknown dimension is t : 
From 


S = -th 2 , 
6 

S = —th 2 , 
6 


we have h = > j6S/t 


we have t = 6S/h 2 


Program Outputs 

Problem 5.65 R A = 2.40 kN = 3.00 kN 


X 

m 

V 

kN 

M 

kN-m 

H 

mm 

0.00 

2.40 

0.000 

0.00 

0.10 

2.40 

0.240 

54.77 

0.20 

2.40 

0.480 

77.46 

0.30 

2.40 

0.720 

94.87 

0.40 

2.40 

0.960 

109.54 

0.50 

2.40 

1.200 

122.47 

0.60 

2.40 

1.440 

134.16 

0.70 

2.40 

1.680 

144.91 

0.80 

0.60 

1.920 

154.92 

0.90 

0.60 

1.980 

157.32 

1.00 

0.60 

2.040 

159.69 

1.10 

0.60 

2.100 

162.02 

1.20 

0.60 

2.160 

164.32 

1.30 

0.60 

2.220 

166.58 

1.40 

0.60 

2.280 

168.82 

1.50 

0.60 

2.340 

171.03 

1.60 

-3.00 

2.400 

173.21 

1.70 

-3.00 

2.100 

162.02 

1.80 

-3.00 

1.800 

150.00 

1.90 

-3.00 

1.500 

136.93 

2.00 

-3.00 

1.200 

122.47 

2.10 

-3.00 

0.900 

106.07 

2.20 

-3.00 

0.600 

86.60 

2.30 

-3.00 

0.300 

61.24 

2.40 

0.00 

0.000 

0.05 
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PROBLEM 5.C2 (Continued) 


Program Outputs (Continued) 


Problem 5.69 

R a = 6.50 kN R b = 6.50 kN 


X 

m 

V 

kN 

M 

kN-m 

H 

mm 

0.00 

2.50 

0.000 

0.00 

0.30 

2.50 

0.750 

61.24 

0.60 

9.00 

1.500 

86.60 

0.90 

7.20 

3.930 

140.18 

1.20 

5.40 

5.820 

170.59 

1.50 

3.60 

7.170 

189.34 

1.80 

1.80 

7.980 

199.75 

2.10 

-0.00 

8.250 

203.10 

2.40 

-1.80 

7.980 

199.75 

2.70 

-3.60 

7.170 

189.34 

3.00 

-5.40 

5.820 

170.59 

3.30 

- 7.20 

3.930 

140.18 

3.60 

-2.50 

1.500 

86.60 

3.90 

-2.50 

0.750 

61.24 

4.20 

0.00 

0.000 

0.06 
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PROBLEM 5.C2 (Continued) 


Program Outputs 

Problem 5.70 
R a = 2.70 kN R b 


(Continued) 


= 8.10 kN 


X 

m 

V 

kN 

M 

kN-m 

T 

mm 

0.00 

2.70 

0.000 

0.00 

0.20 

2.10 

0.480 

10.67 

0.40 

1.50 

0.840 

18.67 

0.60 

0.90 

1.080 

24.00 

0.80 

0.30 

1.200 

26.67 

1.00 

-0.30 

1.200 

26.67 

1.20 

-0.90 

1.080 

24.00 

1.40 

-1.50 

0.840 

18.67 

1.60 

-2.10 

0.480 

10.67 

1.80 

- 2.70 

0.000 

0.00 

2.00 

-3.30 

-0.600 

13.33 

2.20 

-3.90 

-1.320 

29.33 

2.40 

3.60 

-2.160 

48.00 

2.60 

3.00 

-1.500 

33.33 

2.80 

2.40 

-0.960 

21.33 

3.00 

1.80 

-0.540 

12.00 

3.20 

1.20 

-0.240 

5.33 

3.40 

0.60 

-0.060 

1.33 

3.60 

0.00 

- 0.000 

0.00 
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PROBLEM 5.C3 


w 





L 


Two cover plates, each of thickness t , are to be welded to a wide- 
flange beam of length L that is to support a uniformly distributed 
load w. Denoting by cr all the allowable normal stress in the beam 
and in the plates, by d the depth of the beam, and by I b 
and S b , respectively, the moment of inertia and the section 
modulus of the cross section of the unreinforced beam about a 
horizontal centroidal axis, write a computer program that can 
be used to calculate the required value of (a) the length a of the 
plates, ( b ) the width b of the plates. Use this program to solve 
Prob. 5.145. 


SOLUTION 


( a ) Required length of plates : 


FB = AD : 

+)EM d =0: M d + 




v2y 


- R a x = 0 


But 


r a=~ wL and M D= S(J a li- 


Divide by jw: 


Set k = 


w 


Solving the quadratic, 
Compute v and 

(b) Required width of plates : 
At midpoint C of beam: 


x 2 - Lx + (2 Sa all /w) = 0 

x 2 -Lx + k = 0 

L-F~- 4k 

x = 

2 

a = L- 2x 


FB = AC: 


wL L wL L 

+ ) I.M r = 0: M r + = 0 

y 6 6 2 4 2 2 


Compute 


M r = —wL 
C 8 



^4 XL 


■* 
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PROBLEM 5.C3 (Continued) 


Compute 

From 

But 

Solving for b , 

Program Outputs 

Problems 5.155: 


Problem 5.145 


Problem 5.157: 


Problem 5.143 


C — t H — d 
2 


M r C 


°"a l l “ ' 


compute / = 


M r C 


J all 


I ^beam ^plates ^ 


— bt 3 +bt 
12 


^ d + 1 Y 


6 = 


6 (/-/ a ) 


^ 2 +3(J + 0 2 ] 


W460 x 74, cr all =150 MPa 

w = 40 kN/m, L = 8 m, t = 7.5 mm 

cif = 457 mm, I b = 333x 10 6 mm 4 , S =416xl0 3 mm 3 

a = 4.49 m 
b = 2 1 1 mm 


W30x 99, (T all = 22 ksi 

w = 30 kips/ft, L = 16ft, ? = 5/8in. 

d = 29.65 in., I b = 3990 in. 4 , S = 269 in. 3 

a = 11.16 ft 
b = 14.31 in. 
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25 kips 1 6 ft 

25 kips 


PROBLEM 5.C4 


A \ 

f C B 

• 

Two 25-kip loads are maintained 6 ft apart as they are moved 



slowly across the 18-ft beam AB. Write a computer program and 





use it to calculate the bending moment under each load and at the 


X 


- — 9 ft 

midpoint C of the beam for values of x from 0 to 24 ft at intervals 



18 ft *- 

Ax = 1.5 ft. 


SOLUTION 


Notation : Length of beam = L = 1 8 ft 

Loads: P x = P 2 = P = 25 kips 


Distance between loads = d = 6 ft 
We note that d < LI 2. 

(1) From x = 0 to x = d : 

+)IM B = 0: P(L - x) - R a L = 0 
R a = P(L - x)/L 


Under P x : 
At C: 

(2) From 


Under P x : 
Under P 2 : 
(2 A) From 


M x = R a x 

m c= r a[^~P 
x = d to x = L\ 

+)IM b = 0: P(L-x) + P(L-x + d) 

-R a L = 0 

R a = P(2L-2x + d)/L 
M x = R a x - Pd 
M 2 = R a (x -d) 
x = d to x = LI 2: 



= R a (LI 2) - P(L -2x + d) 




U p 


L 
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PROBLEM 5.C4 (Continued) 


(2B) 

From 


X 

II 

to 

o 

x = L/2 + d: 




M c 

= R a (L/2) - 

( L \ 

P x + d 

U J 

(2C) 

From 


X 

= L/2 + d 

to x = L: 




M c 

= R a L/2 


(3) 

From 


X 

= L to x 

= L + d\ 




+)™b 

= 0: P(L- 

x + d)- R a L = 0 




Ra 

= P(L - x + d)/L 


Under P 2 : 


M z 

= R A (x-d) 



At C: 


M c 

= R a (L/2) 


Prog 

ram Output 








P 

= 25 kips, 

1 = 18 ft, D = 6 ft 



X 

M c 

M, 

m 2 



ft 

kip • ft 

kip • ft 

kip • ft 



0.0 

0.00 

0.00 

0.00 



1.5 

18.75 

34.38 

0.00 



3.0 

37.50 

62.50 

0.00 



4.5 

56.25 

84.38 

0.00 



6.0 

75.00 

100.00 

0.00 



7.5 

112.50 

131.25 

56.25 



9.0 

150.00 

150.00 

100.00 



10.5 

150.00 

156.25 

131.25 



12.0 

150.0 

150.00 

150.00 



13.5 

150.00 

131.25 

156.25 



15.0 

150.00 

100.00 

150.00 



16.5 

112.50 

56.25 

131.25 



18.0 

75.00 

0.00 

100.00 



19.5 

56.25 

0.00 

84.38 



21.0 

37.50 

0.00 

62.50 



22.5 

18.75 

0.00 

34.38 



24.0 

0.00 

0.00 

0.00 
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PROBLEM 5.C5 

Write a computer program that can be used to plot the shear and 
bending-moment diagrams for the beam and loading shown. Apply this 
program with a plotting interval A L = 0.2 ft to the beam and loading 
of (a) Prob. 5.72, (b) Prob. 5.115. 


SOLUTION 


Reactions at A and B : 

Using FB diagram of beam, 


+) I M a = 0 : R b L — Pb — wa(a/2) = 0 


R b ={\!L) 


1 , 

Pb +—wa 
2 


R a = P + wa- R b 

We use step functions (see bottom of Page 348 of text). 

set n = L/AL. For i = 0 to n: 



x = (A L)i 


We define: 

If x^a Then STP ^4 = 1 ElseSTP^l = 0 

If x^b Then STP B = 1 Else STP B = 0 

V = R A -wx + w(x-a) STFA-PSTFB 
M = R a x~wx 2 +^w(x- a f STP ^4-/ > (jc-b)STP B 

Locate and Print (x, v) and (x, M ) 

See next pages for program outputs 
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PROBLEM 5.C5 (Continued) 


Program Outputs 

Problem 5.72 


R a = 48.00 kips R b = 42.00 kips 

Shear Diagram 



Moment Diagram 
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PROBLEM 5.C5 (Continued) 


Program Outputs ( Continued) 
Problem 5.115 


R a = 40.50 kips R b = 27.00 kips 

Shear Diagram 



Moment Diagram 
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L 


PROBLEM 5.C6 

Write a computer program that can be used to plot the shear and 
bending-moment diagrams for the beam and loading shown. Apply 
this program with a plotting interval A L = 0.025 m to the beam and 
loading of Prob. 5.1 12. 


SOLUTION 


Reactions at A and B\ 


+)IM a = 0: R B L + M B -M A =w(b-a)^(a + b) = 0 


R B =(l/L) 


M A -Mg + -w(b 2 -a 2 ) 


R A =w(b-a)-R B 

We use step functions (see bottom of Page 348 of text). 

L 


Set 

For 

We define: 


n = - 


A L 

i = 0 to n : x = (A L)i 


u M(b-cO 




A 


^ 2 * 


■v. 

1 

\ 

V 

) 




4 

L - 

A 1 

< 




'e 


3 


If x^a Then STP^4 = 1 ElseSTP^ = 0 
If x 5= b Then STP5 = 1 Else STPB = 0 

V = R a - w(x - a) STP.4 + w(x - b) STP5 

M = M a + R a x - 2 w (x - a) 2 STP.4 + 2 w(x - b) 2 STPS 


Locate and print (x, V) and (x, M). 
Program output on next page 
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PROBLEM 5.C6 (Continued) 


Program Output 

Problem 5.112 


R a = 29.50 kips R B = 66.50 kips 

Shear Diagram 



Moment Diagram 
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CHAPTER 6 







PROBLEM 6.1 

Three full-size 50 x 100-mm boards are nailed together to form a 
beam that is subjected to a vertical shear of 1500 N. Knowing that the 
allowable shearing force in each nail is 400 N, determine the largest 
longitudinal spacing s that can be used between each pair of nails. 


SOLUTION 


/ = —bh 3 = — (100)(150) 3 = 28.125 x 10 6 mm 4 
12 12 

= 28.125 xl0" 6 m 4 


A = (100)(50) = 5000 mm 2 
y x = 50 mm 


Q = Ay x = 250 x lO^mnr* = 250 x 10 6 m 


VQ _ (1500)(250 x 1(T 6 ) 


q = 


-6 


qs = 2F r 


nail 


28.125 x 10 

„ _ 2j7 nail 


= 13.3333 x 10 3 N/m 
(2X400) 


13.3333 x 10 


,3 


60.0 x 10 -3 m 



5 = 60.0 mm A 
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PROBLEM 6.2 

For the built-up beam of Prob. 6.1, determine the allowable shear if 
the spacing between each pair of nails is s = 45 mm. 

PROBLEM 6.1 Three full-size 50 x 100-mm boards are nailed 
together to form a beam that is subjected to a vertical shear of 1500 N. 
Knowing that the allowable shearing force in each nail is 400 N, 
determine the largest longitudinal spacing 5 that can be used between 
each pair of nails. 
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SOLUTION 


Dividing Eq. (2) by Eq. (1), 


L = — bh 3 + Ad 2 
1 12 

= ~(6)(2) 3 + (6)(2)(3) 2 = 112 in 4 

/ = —bh 3 = — (2)(4) 3 = 10.6667 in 4 
2 12 12 

/ 3 = /, =112 in 4 
/ = /, + / 2 + / 3 = 234.67 in 4 
0 = 4,y, = (6)(2)(3) = 36 in 3 


q 

s 


1 7 

^nail 

ze 

/ 

^g 

^nail 7 


( 1 ) 

( 2 ) 


F nail 7 _ (150X234.67) 
0v (36X3) 





©HE 


V = 326 lb ◄ 
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80 mm 
20 mm 


PROBLEM 6.4 

A square box beam is made of two 20x80-mm planks and two 
20xl20-mm planks nailed together as shown. Knowing that the 
spacing between the nails is s = 30 mm and that the vertical shear in 
the beam is V = 1200 N, determine (a) the shearing force in each nail, 
(b) the maximum shearing stress in the beam. 


120 mm 


SOLUTION 


[ = —b, hi ~—b£ 

12 2 2 12 1 1 


A(120)(120) 3 -^(80)(80) 3 


: 13.8667 xlO 6 mm 4 


= 13.8667x10 


~ 6 m 4 


(a) 4 = (1 20)(20) = 2400 mm 2 

y l = 50 mm 

Q=4) \ =120xl0 3 mm 3 =120xl0 _6 m 3 

rg = (1200X120 xio- 6 ) =1 o 3846xl0 3 N/m 
/ 13.8667 XlO' 6 

qs = 2F t ^an 

_qs _ (10.3846 xlQ 3 )(30xlQ- 3 ) 





F nail =155.8 N ◄ 


(b) Q = Q\+ (2)(20)(40)(20) 

= 120xl0 3 +32xl0 3 =152xl0 3 mm 3 
= 152xl0 -6 m 3 

_ VQ (1200)(152xlQ~ 6 ) 

W- If _ (13 8667xl0 - 6 )(2x20xl0 _3 ) 

= 329xl0 3 Pa 





*T 

||o m » 


Vax = 329 kPa < 
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PROBLEM 6.5 

The American Standard rolled-steel beam shown has been reinforced by 
attaching to it two 16 x 200-mm plates, using 18-mm-diameter bolts 
spaced longitudinally every 120 mm. Knowing that the average allowable 
shearing stress in the bolts is 90 MPa, determine the largest permissible 
vertical shearing force. 


SOLUTION 

Calculate moment of inertia: 


Part 

A (mm 2 ) 

d (mm) 

Ad 2 ( 10 6 mm 4 ) 

7(1 0 6 mm 4 ) 

Top plate 

3200 

*160.5 

82.43 

0.07 

S310x 52 

6650 

0 


95.3 

Bot. plate 

3200 

*160.5 

82.43 

0.07 

E 



164.86 

95.44 


* 305 16 

a = t = 160.5 mm 

2 2 

I = ZAd 2 + JJ = 260.3 x 10 6 mm 4 = 260.3 x 10“ 6 m 4 
Q = 4i ate ^ plate = (3200)060.5) = 5 13.6 x 10 3 mm 3 = 513.6 x 10" 6 m 3 

Aoit = fdi it = ~(18 X 10- 3 ) 2 = 254.47 x 10- 6 m 2 

r al) A bolt = (90 x 10 6 )(254.47 x 10“ 6 ) = 22.90 x 10 3 N 


bolt “ ^all^bolt 
V s = 2F bo\t 

<, = r 4 


q = 


_ ^bolt _ 


(2X22.90 x 10 3 ) 


120x10 


i-3 


= 381.7 xl0 3 N/m 


F = 7 i = (260.3 xl0- 6 )(3817xl0 3 ) = 193 5 xl0 3 N 
O 513.6 xlO -6 


V = 193.5 kN ◄ 
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y 

xl6 in. X jj- in. 

PROBLEM 6.6 

a- 


L . 

The beam shown is fabricated by connecting two channel shapes and two 
plates, using bolts of ^-in. diameter spaced longitudinally every 7.5 in. 
Determine the average shearing stress in the bolts caused by a shearing 

Vj 



7^ 

C12 X 20.7 

z 

c 


force of 25 kips parallel to the y axis. 





1 UJ 


uu 1 



SOLUTION 


02x20.7: d = 12.00 in., / =129 in 4 


For top plate, 


y = 


12.00 

rn 


+ 

— 

— 

2 

UJ 

UJ 


= 6.25 in. 


I, = ]^ 16 )(j) + ( 16 >(j l ^ 6 - 25 ) 2 = 312 - 667 in4 


I b =312.667 in 4 


For bottom plate, 

Moment of inertia of fabricated beam: 

I = (2)(129) + 3 12.667 + 3 12.667 
= 883.33 in 4 

Q = ^plateFplate = ( 16 ) 

„ VQ (25X50) 




v2y 


883.33 


(6.25) = 50 in 3 
1.41510 kips/in. 


T-i 1 

F bo\t=~<l S = 


- 1(1.41510X7.5) = 5.3066 kips 

v.2 , 


> si \2 

Aolt -~V"bolt^ 


fl.\ 2 

- =0.44179 in 2 

4 


^bolt 


bolt 


5.3066 


Aoit 0-44179 


: 12.01 ksi 


‘bolt 


: 12.01 ksi ◄ 
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y 


PROBLEM 6.7 


m 

m 

A columm is fabricated by connecting the rolled-steel members shown by 

C8 X 13.7 ^ 


bolts of j-in. diameter spaced longitudinally every 5 in. Determine the 
average shearing stress in the bolts caused by a shearing force of 30 kips 
parallel to the y axis. 

/V| 

r V 

k (' 

S10 X 25.4 — 


* V 



UJ 

uu 



SOLUTION 


-VZZZZZZZZ 

* t 

\l 

1 J 
1 1 


Geometry: 

/ = (j1 +<Uc 

= — +0.303 = 5.303 in. 

2 

x = 0.534 in. 

y x = f -x = 5.303 - 0.534 = 4.769 in. 


Determine moment of inertia. 


Part 

^(in 2 ) 

J(in-) 

Ad 2 (in 4 ) 

I (in 4 ) 

C8 x 13.7 

4.04 

4.769 

91.88 

1.52 

SlOx 25.4 

7.45 

0 

0 

123 

C8x 13.7 

4.04 

4.769 

91.88 

1.52 

E 



183.76 

126.04 


/ = 2 ]Ad z + 17 = 183.76 + 126.04 = 309.8 in 4 
Q = Ay x = (4.04)(4.769) = 19.2668 in 3 
VQ _ (30X19.2668) 


? = 


T-l 1 

^boit =-q s 


309.8 


■ = 1.86573 kip/in. 


(-] 

n 


Aolt - ^bolt _ ^ 


0 .86573)(5) = 4.6643 kips 
= 0.44179 in 2 






r bolt - 


- ^2!L - 4-6643 = 10.56 ksi 


molt 


0.44179 


r boit =10.56 ksi -4 
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PROBLEM 6.8 


The composite beam shown is fabricated by connecting two W6 x 20 rolled-steel 


members, using bolts of J--in. diameter spaced longitudinally every 6 in. Knowing 

mZi 

that the average allowable shearing stress in the bolts is 10.5 ksi, determine the largest 


allowable vertical shear in the beam. 

^ 


SOLUTION 


Composite: 


Bolts: 


Shear: 


W6 x 20: A = 5.87 in 2 , d = 6.20 in., 7 x = 41.4in 4 


v = — d = 3.1 in. 

2 

/ = 2[41.4 + (5.87)(3.1) 2 ] 

= 195.621 in 4 

Q = Ay = (5.87X3.1) = 18.197 in 3 


d = — in., r all = 10.5 ksi, s = 6 in. 


^ -- 
^bolt “ ^ 




^bolt Fill ^bolt 


0.30680 in 2 

(10.5)(0.30680) = 3.2214 kips 


^ = ^2!L = ( 2 X 3 ~ 2214 ) = 1.07380 kips/in. 
s 6 


VQ _ Iq _ (1 95.62 1)(1. 0780) 

I ~ Q~ 18.197 



F = 11.54 kips A 
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Dimensions in mm 


PROBLEM 6.9 

For the beam and loading shown, consider 
section n-n and determine (a) the largest shearing 
stress in that section, (b) the shearing stress at 
point a. 


SOLUTION 

+)I.M b = 0: —2.3 A + (1.5)(72) = 0 
A = 46.957 kN t 

At section n-n , V = A- 46.957 kN 

Calculate moment of inertia: 


K n | i 

72 Ui4 

f 

B 

* * 1 

0. 8v*i 

r \.Sm 



At a, 


At b , 


At NA, 


1 = 2 


~(15)(40) 3 


+ 2 


— (15)(80) 3 


+ ~(30)(120 3 ) 


= 5.76xl0 6 mm 4 =5.76x10 6 m 4 


t a = 30 mm = 0.030 m 

0 fl =(3Ox2O)(5O) = 3OxlO 3 mm 3 

= 30xl0~ 6 m 3 

VQa (46.957 x1Q 3 )(30x IQ' 6 ) 
a ~ It a ~ (5.76x10~ 6 )(0.030) 

= 8.15 x 10 6 Pa = 8.15 MPa 



t, = 60 mm = 0.060 m 


Q b =Q a +( 60x20)(30) = 30xl0" +36x10" =66x10" mm" =66xl0“ 6 m' 


VQ b _ (46.957 x10 3 )(66x10 -6 ) 


It h 


(5.76x10^X0.060) 


k97 x 10 Pa = 8.97 MPa 


*na - mm = 0.090 m 


2 NA =Q b + (90 x20)(10) = 66x10" + 18x10" =84x10" mm 3 =84xl0“ 6 m 


VQ \ 


(46.957 xl0")(84xl0- 6 )_ 7 _ 61xl()6pa = 7 _ 61Mpa 


•NA 


‘NA 


It , 


(5.76xl0 _6 )(0.090) 


NA 


(a) r max occurs at b. r max = 8.97 MPa ◄ 

0 b ) r a =8.15 MPa ◄ 
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0.3 m 



40 mm t 


12 mm 


150 mm 


100 mm 


- 200 mm - 


12 mm 


PROBLEM 6.10 

For the beam and loading 
shown, consider section n-n 
and determine (< a ) the largest 
shearing stress in that section, 
( b ) the shearing stress at 
point a. 
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t 



PROBLEM 6.11 

For the beam and loading shown, 
consider section n-n and determine 
(a) the largest shearing stress in that 
section, ( b ) the shearing stress at point a. 


SOLUTION 


1 



—3/b. H 1-Wl'M 


"IJ 

± Ed 


1 0.ZfS')’ 


/ = -^(8 in ' )(9 in-)3 _ ii (7 ’ 25 in ' )(8 ’ 5 in ' )3 ~~ T 2 { ( ' 025 in ' )(3 in ' )3 


I = 113.8 in 4 


y v: 


Vj j — 

M V j >Bk >. / 


V = 25 kips 

M = (25 kips)(18 in.) = 450 kip • in. 


(a) r m : At neutral axis , 

L J 


thickness = 0.25 in. 


3in. j 
1 

I.M. 

/ ' ^ 
d ; 

L_: 

* 

\~r . 1 

^ Z./2S-JO 


: t 

a 3>n, 

_L_ 


N.4. 


Q = 2(3 in. x 0.25 in.)(3 in.) + (7.5 in.)(0.25 in.)(4.375 in.) + (4.25 in.)(0.25 in.)(2.125 in.) 

Q = 4.5 in 3 + 8.203 in 3 + 2.258 in 3 = 14.96 in 3 
t - 0.25 in. 

_ Vq _ (25 kips)(14.96 in 3 ) 

T m 


It (113.8 in 4 )(0.25 in.) 


= 13.15 ksi ◄ 
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PROBLEM 6.11 (Continued) 


( b ) z a \ At point a , t = 0.25 in. 

See sketch above. 

Q a = 4.5 in 3 + 8.203 in 3 = 12.70 in 3 

_ VQ^ _ (25 kips)(12,70 in 3 ) 
Ta ~ It ~ (113.8 in 4 )(0.25 in.) 


r a = 11.16 ksi A 
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10 kips 10 kips 



A 

\ \ 

\ 

Jl 

n 


— 


16 in. 12 in. 16 in. 





PROBLEM 6.12 

For the beam and loading shown, consider 
section n-n and determine ( a ) the largest shearing 
stress in that section, ( b ) the shearing stress at 
point a. 


4 in. — ► 


SOLUTION 

By symmetry, R A = R B . 


From the shear diagram, 


bf Ei 7 , = 0: R a + R b -10-10 = 0 
R A - R B - 10 kips 

V = 10 kips at n-n. 

i = —/ h i f; - —b£ 

12 2 2 12 1 1 

= — (4)(4) 3 - — (3)(3) 3 = 14.5833 in 4 
12 12 



rn 

-1.75 + 2) 





1 1 , . 
t = — i — = 1 in. 

2 2 

_ VQ _ (10)(4.625) 


It (14.5833)(1) 


V 


\o 


-to 




A. 




■2 in. 

Jt 


A: 


r max =3.17 ksi ◄ 


(b) Q = Ay = (4)fFj(1.75) = 3.5 in 

1 1 , . 
t = — i — = 1 in. 

2 2 

VQ _ (10)(3.5) 


T = 


It (14.5833)(1) 


2 m. 

i/ 


r n = 2.40 ksi A 
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10 10 


- 30 - 


Dimensions in mm 



PROBLEM 6.13 

For a beam having the cross section shown, determine the largest 
allowable vertical shear if the shearing stress is not to exceed 60 MPa. 


SOLUTION 



Calculate moment of inertia. 


F(io mm)(120 mm) 3 


1=2 

L12 ' 

= 2[1 .440 x 10 6 mm 4 ] + 0.160 x 10 6 mm 4 


+ ^-(30 mm)(40 mm) 3 


= 3.04 x 10 6 mm 4 


/ = 3.04 x 10 -6 m 4 





40 


t0\ 

1 


-30 H 


10 

K 


my 


7a 




7/X\ 


1 

\ 

J 

Li 2 _ 


30 


Assume that r m occurs at point a. 
t = 10 mm = 0.01 m 
Q = (10 mm x 40 mm)(40 mm) 

= 16 x 10 3 mm 3 g = 16xl0“ 6 m 3 


For r all = 60 MPa, 


60 x 10 6 Pa = 


Aw ^"all 


VQ 

It 


F(16 x 10~ 6 m 3 ) 
(3.04 x 10 _6 m 4 )(0.01m) 


V = 1 14.0 kN ◄ 


Check r at neutral axis: 
t = 50 mm = 0.05 m 

Q = 2[(10 x 60)(30)] + (30 x 20)(10) = 42 x 10 3 m 3 = 42 x 10" 6 m 3 


_ VQ_ _ (1 14.0 kN)(42 x 10~ 6 m 3 ) 
VnA ~ It ~ (3.04xl0“ 6 m 4 )(0.05m) 


31.5 MPa < 60 MPa OK 
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Dimensions in mm 


10 10 



PROBLEM 6.14 

For a beam having the cross section shown, determine the largest 
allowable vertical shear if the shearing stress is not to exceed 60 MPa. 


SOLUTION 



Calculate moment of inertia. 


I = -F(50 mm)(120 mm) 3 


- 2 


■F(30 mm) 4 + (30 mm x 30 mm)(35 mm) 2 


/ = 7.2 x 10 6 mm 4 - 2[1.170 x 10 6 mm 4 ]= 4.86 x 10 6 mm 4 

= 4.86 x 10 -6 m 4 


Assume that r m occurs at point a. 


i •*> 



t = 2(10 mm) = 0.02 m 

Q = (10 mm x 50 mm)(55 mm) + 2 [(10 mm x 30 mm)(35 mm)] 
= 48.5 x 10 3 mm 3 = 48.5 x 1(T 6 m 3 
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1.5 in. 



f -*1 k 


1.5 in. 


PROBLEM 6.15 

For a timber beam having the cross section shown, determine the largest allowable 
vertical shear if the shearing stress is not to exceed 150 psi. 
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PROBLEM 6.16 


- 220 mm 


W250 X 58 


; 12 mm 


252 i 


; 12 mm 


Two steel plates of 12 x 220-mm rectangular cross section are welded to the 
W250 x 58 beam as shown. Determine the largest allowable vertical shear if 
the shearing stress in the beam is not to exceed 90 MPa. 


Part 

A( mm 2 ) 

d (mm) 

Ad 2 ( 10 6 mm 4 ) 

7(10 6 mm 4 ) 

Top plate 

2640 

*132 

45.999 

0.032 

W250 x 58 

7420 

0 

0 

87.3 

Bot. plate 

2640 

*132 

45.999 

0.032 

s 



91.999 

87.364 


SOLUTION 

Calculate moment of inertia. 


*d 


252 12 
~ 2 ~ 2 


I = 'LAd 2 + 17 = 179.363 x 10 6 mm 4 = 179.363 x 10" 6 m 4 
occurs at neutral axis, t = 8.0 mm = 8.0 x 10 -3 m 




'r^> 

I-® 


Part 

4mm 2 ) 

y(. mm) 

4v(10 3 mm 3 ) 

© Top plate 

2640 

132 

348.48 

© Top flange 

2740.5 

119.25 

326.805 

® Half web 

900 

56.25 

50.625 

E 



725.91 


Dimensions in mm: © 12 x 220 ; © 13.5 x 203 ; @ 8.0 x 1 12.5 

Q = ZAy = 725.91 x 10 3 mm 3 = 725.91 x 10“ 6 m 3 


T = 


VQ 

It 


_Itr__ (179.36 3 x 1 0 _6 )(8.0 x 10“ 3 )(90 x 10 6 ) 


Q 


725.91 x 10 


-6 


177.9 x 10 4 N 


V = 177.9 kN A 
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(a) 


r\ 



. 

I 


(b) 


PROBLEM 6.17 

Two W8 x 31 rolled-steel sections may be welded at A and B in either 
of the two ways shown in order to form a composite beam. Knowing 
that for each weld the allowable shearing force is 3000 lb per inch of 
weld, determine for each arrangement the maximum allowable vertical 
shear in the composite beam. 
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2.4 kN 4.8 kN 


7.2 kN 



'r 


150 mm 


PROBLEM 6.18 

For the beam and loading shown, determine the 
minimum required width b , knowing that for the 
grade of timber used, cr all = 12 MPa and 
r al | = 825 kPa. 


1 m 1 m 1 m 0.5 m 


SOLUTION 


+) 1M d = 0: -3 A + (2)(2.4) + (1)(4.8) - (0.5)(7.2) = 0 
A = 2 kN t 

Draw the shear and bending moment diagrams. 

|F| max =7.2kN = 7.2xl0 3 N 
|M| max =3.6 kN-m = 3.6xl0 3 N-m 


Bending: 


e _ 

min 


Y 

\ M l 


.f 


2.4-k.rt 4.SUi4 7.2Wt4 

>fC P > f £ 


t w\ 


l 




>3 


For a rectangular section, 


_ 3.6x10 
~ 12xl0 6 
= 300xl0 -6 m 3 
= 300xl0 3 mm 3 

S = -bh 2 
6 


V, Lsl 
2 . 


0. 5 
" 7 * 2 . 


- 0 . 4 * 


- 5.2 


65 (6)(300xl0 3 ) on 

? = — - = 1 = 80 mm 



r (isor 

Shear: Maximum shearing stress occurs at the neutral axis of bending for a rectangular section. 


_ J_ 
4 


A = ^bh, y=\h, Q = Ay=\bh 2 


1 


I = —bh 3 t = b 
12 

rg _ r({M 2 ) _ 3 v 


b = 


It (±bh 3 )(b) 2 bh 

(3)(7.2x 10 3 ) 


3F 


= 87.3xl0“ 3 m 


2/zr (2)(1 50 x 1 0~ 3 )(825 x 1 0 3 ) 
The required value of b is the larger one. 


b = 87.3 mm A 
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PROBLEM 6.19 



A timber beam AB of length L and rectangular cross section carries a 
single concentrated load P at its midpoint C. (a) Show that the ratio 
T m la m of the maximum values of the shearing and normal stresses in 
the beam is equal to 2 h/L, where h and L are, respectively, the depth and 
the length of the beam. ( b ) Determine the depth h and the width b of the 
beam, knowing that L = 2 m, P = 40 kN, r m = 960 kPa, and 
<x m = 12 MPa. 


SOLUTION 


Reactions: 

R a = R b = pi 2 t 

a) 

V -R -L 

v max A 2 


(2) 

A = bh for rectangular section. 


(3) 

3 V 3 P 

r m = m ^ L - = for rectangular section. 

2 A 4bh 

(4) 

PL 

Vnax = — 


(5) 

1 2 

S = —bh for rectangular section. 


(6) 

_ _ M max _ 3PL 
m S 2 bh 2 


(a) 



(b) 

21 T 

Solving for h, h = m = 

(2)(2)(960 x 10 3 ) _ 
12 x 10 6 


Solving Eq. (3) for b, 



3 P 

(3)(40 x 10 3 ) 


u — — 

4hr 

(4X320 x 10“ 3 )(960 : 



320 x 10 -3 m 


h = 320 m m -4 


= 97.7 x 10“ 3 m b = 97.7 mm ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


913 


PROBLEM 6.20 


A 



~~\ b} r 

B I J /l 


A timber beam AB of length L and rectangular cross section carries a 
uniformly distributed load w and is supported as shown, (a) Show that 
the ratio T m /<J m of the maximum values of the shearing and normal 
stresses in the beam is equal to 2 h/L, where h and L are, respectively, 
the depth and the length of the beam. ( b ) Determine the depth h and 
the width b of the beam, knowing that L = 5 m, w = 8 kN/m, 
r m = 1.08 MPa, and cr m = 12 MPa. 
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PROBLEM 6.21 

For the beam and loading shown, 
consider section n-n and determine the 
shearing stress at ( a ) point a, ( b ) point b. 


SOLUTION 



R a = R b = 25 kips 


At section n-n , V = 25 kips 

Locate centroid and calculate moment of inertia. 


Part 

A( in 2 ) 

J’(in-) 

Ay (in 3 ) 

d( in.) 

Ad 2 (in 4 ) 

/(in 4 ) 

© 

4.875 

6.875 

33.52 

2.244 

24.55 

0.23 

© 

10.875 

3.625 

39.42 

1.006 

11.01 

47.68 

E 

15.75 


72.94 


35.56 

47.91 







r 









0.1$ 




(X 

% 

4> 

. — . 

1 


(b) 












4 

— 

b 


_iL 

l.s- 


T 


- I Ay 72.94 „ . 

Y = — 4_ = = 4.631 in. 

I A 15.75 

I = IAd 2 +S7 = 35.56 + 47.91 = 83.47 in 4 
Q a = Ay = j2- | (1 ,5)(4.63 1 - 0.75) = 4.366 in 4 


t = — = 0.75 in. 

4 

. VQ _ (25)(4.366) 


Q b = A y = 


It (83.47X0.75) 
^ 3 


v4 

? = 0.75 in. 


(3)(4.631-1.5) = 7.045 in 4 


VQ (25X7.045) 
~lt~ (83.47)(0.75) 


r a =1.744 ksi ◄ 


r b = 2.81 ksi 
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1180 kN 


,n ^ 

t , 



X, i 

I n 

— 500 mm — ► 

— 

^ — 500 mm — ► 


100 mm 


-160 mm - 


b 


30 mm 30 mm 

20 mm 


20 mm 


30 mm 


PROBLEM 6.22 

For the beam and loading 
shown, consider section n-n 
and determine the shearing 
stress at (a) point a, ( b ) point b. 


SOLUTION 

Draw the shear diagram. 


in, 


90 kN 


Part 

4(mm I 2 ) 

v(mm) 

Ay( 10 3 mm 3 ) 

(/(mm) 

Ad 2 ( 10 6 mm 4 ) 

/(10 6 mm 4 ) 

© 

3200 

90 

288 

25 

2.000 

0.1067 

© 

1600 

40 

64 

-25 

1.000 

0.8533 

© 

1600 

40 

64 

-25 

1.000 

0.8533 

i 

6400 


416 


4.000 

1.8133 




kN> 


(D 


<D 




H 


T 

_L 


— r~ 


2T 


- _ 2L4J7 _ 416 x 10 3 


2L4 


6400 


= 65 mm 


(a) 


I = IAd 2 + 1 1 = (4.000 + 1.8133) x 10 6 mm 4 

= 5.8133 x 10 6 mm 4 = 5.8133 x 10“ 6 m 4 


A = (80X20) = 1600 mm 2 
y =25 mm 

Q a = Ay = 40 x 10 3 mm 3 = 40 x 10" 6 m 3 
_ VQ a _ (90 x 10 3 )(40 x 10“ 6 ) 

^ n 


It (5.8133 x 10“ o )(20 x 10“ 3 ) 


= 31.0 x 10° Pa 


31.0 MPa ◄ 


0 b ) A = (30)(20) = 600 mm 2 = 65 - 15 = 50 mm 

Q b = Ay = 30 x 10 3 mm 3 = 30 x 10“ 6 m 3 


VQ h _ (90 x 10 3 )(30 x 1Q~ 6 ) 

It ~ (5.8133 x 10" 6 )(20 x 10“ 3 ) 


23.2 x 10 b Pa 


23.2 MPa ◄ 
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PROBLEM 6.23 

For the beam and loading shown, 
determine the largest shearing stress 
in section n-n. 


SOLUTION 


R a =R b = 25 kips 

At section n-n, V = 25 kips 

Locate centroid and calculate moment of inertia. 




0 

■ / , 





T 

Y 

'f' 


— <gr~ 





Part 

A( in 2 ) 

fdn.) 

Ay (in 3 ) 

d( in.) 

Ad\ in 4 ) 

I (in 4 ) 

© 

4.875 

6.875 

33.52 

2.244 

24.55 

0.23 

© 

10.875 

3.625 

39.42 

1.006 

11.01 

47.68 

S 

15.75 


72.94 


35.56 

47.91 


Y = 


ZAy 

ZA 


72.94 

15.75 


= 4.631 in. 


I = ZAd 2 +ZI = 35.56 + 47.91 = 83.47 in 4 


Largest shearing stress occurs on section through centroid of entire cross section. 



Q = Ay = 


(4.631) 


4.630 

2 J 


= 8.042 in 3 


t = - = 0.75 in. 

4 

VQ (25X8.042) 
T ~ It ~ (83.47X0.75) 


r m = 3.21 ksi A 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


917 




PROBLEM 6.24 

For the beam and loading 
shown, determine the largest 
shearing stress in section n-n. 


SOLUTION 




iM I 



Y//& 




•7g3?©_J5 


Draw the shear diagram. |F| max = 90 kN 


Part 

^4 (mm 2 ) 

x f 

4y(10 3 mm 3 ) 

4mm) 

Ad 2 ( 10 6 mm 4 ) 

7(1 0 6 mm 4 ) 

® 

3200 

90 

288 

25 

2.000 

0.1067 

© 

1600 

40 

64 

-25 

1.000 

0.8533 

© 

1600 

40 

64 

-25 

1.000 

0.8533 

E 

6400 


416 


4.000 

1.8133 


ZAy _ 416 x 10 3 


ZA 


6400 


65 mm 


/ = ZAd 2 + 1 1 = (4.000 + 1.8133) x 10 6 mm 4 
= 5.8133 x 10 6 mm 4 = 5.8133 x 10" 6 m 4 


Part 

i(mm 2 ) 

jp(mm) 

Ay(l 0 3 mm 3 ) 

® 

3200 

25 

80 

© 

300 

7.5 

2.25 

© 

300 

7.5 

2.25 

X 



84.5 


Q = ZAy = 84.5 x 10 3 mm 3 = 84.5 x 10" 6 m 3 
t = (2X20) = 40 mm = 40 x 10“ 3 m 

_ VQ_ _ (90 x 10 3 )(84,5 x 10~ 6 ) 

ax It (5.8133 x 10“ 6 )(40 x 10“ 3 ) 

= 32.7 x 10 6 Pa r m = 32.7 MPa ◄ 
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PROBLEM 6.25 



A beam having the cross section shown is subjected to a vertical shear V. Determine (< a ) the 
horizontal line along which the shearing stress is maximum, ( b ) the constant k in the following 
expression for the maximum shearing stress 



where A is the cross-sectional area of the beam. 
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PROBLEM 6.26 



A beam having the cross section shown is subjected to a vertical shear V. Determine ( a ) the 
horizontal line along which the shearing stress is maximum, (b) the constant k in the 
following expression for the maximum shearing stress 


T 

‘'max 



where A is the cross-sectional area of the beam. 
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PROBLEM 6.27 



A beam having the cross section shown is subjected to a vertical shear V. Determine ( a ) the 
horizontal line along which the shearing stress is maximum, (b) the constant k in the 
following expression for the maximum shearing stress 


T 

‘'max 



where A is the cross-sectional area of the beam. 
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PROBLEM 6.28 



A beam having the cross section shown is subjected to a vertical shear V. Determine 
(a) the horizontal line along which the shearing stress is maximum, ( b ) the constant k in 
the following expression for the maximum shearing stress 

r =k V - 

1 max A 


where A is the cross-sectional area of the beam. 
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2 in. 


PROBLEM 6.29 

The built-up timber beam shown is subjected to a vertical shear of 
1200 lb. Knowing that the allowable shearing force in the nails is 75 lb, 
determine the largest permissible spacing s of the nails. 


SOLUTION 



h ~ ~V*i 3 + A i^i 2 

= ~(2)(2) 3 + (2)(2)(4) 2 = 65.333 in 4 

h = ^b 2 hl = ^(2)(10) 3 = 166.67 in 4 

/ = 4/, + / 2 = 428 in 4 

Q = Qi= Ay: = (2)(2)(4) = 1 6 in 3 
VQ (1200)(1 6) 

q = — = - 21 — ' = 44.86 lb/in. 

I 428 

^nail = C 1 S 

s = ^ = 1.672 in. 

q 44.86 


◄ 
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20 mm 


PROBLEM 6.30 

The built-up beam shown is made by gluing together two 20 x 250-mm 
plywood strips and two 50 x 100-mm planks. Knowing that the allowable 
average shearing stress in the glued joints is 350 kPa, determine the largest 
permissible vertical shear in the beam. 


SOLUTION 

/ = i-(140)(250) 3 - _L(100)(150) 3 = 154.167 x 10 6 mm 4 

= 154.167 xl0" 6 m 4 

Q = Ay = (100)(50)(100) = 500 x 10 3 mm 3 

= 500 x 10 -6 m 3 

t = 50 mm + 50 mm = 100 mm = 100 x 10 -3 m 

It 

_ Zfr _ (154.167 x 10~ 6 )(100 x 10~ 3 )(350 x 10 3 ) 

Q 500 x 10 -6 

= 10.79 x 10 3 N 
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1.5 


0.8 


0.8 


1.5 



0.8 


3.2 


0.8 


PROBLEM 6.31 

The built-up beam was made by gluing together several wooden planks. 
Knowing that the beam is subjected to a 1200-lb vertical shear, determine 
the average shearing stress in the glued joint (a) at A, ( b ) at B. 


Dimensions in inches 


SOLUTION 


1 = 2 


-h(0.8)(4.8) 3 + -h(7)(0.8) 3 + (7)(0.8)(2.0) 2 


-r-ra 

(a) A a = (1.5)(0.8) = 1.2 in 2 j7,=2.0in. Z.o A 

4, 




_3 



Q a = A a y a = 2 - 4in3 




=□ 

□ 

m Q 

00 

o 

II 



r VQg (1200X2.4) 

a It a (60.143X0.8) 

( b ) A b = (4X0.8) = 3.2 in 2 y b = 2.0 in. 

Q b = A b y b = (3.2)(2.0) = 6.4 in 3 
t b = (2X0.8) = 1.6 in. 
r VQt (1200X6.4) 

b It b (60.143X1.6) 


wzzz 


59.9 psi A 


79.8 psi A 
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20 mm 60 mm 20 mm 



A 



: ! 20 mm 
30 mm 
j 20 mm 

J 30 mm 

(“20 mm 


PROBLEM 6.32 

Several wooden planks are glued together to form the box beam shown. 
Knowing that the beam is subjected to a vertical shear of 3 kN, determine the 
average shearing stress in the glued joint (a) at A, (b) at B. 


SOLUTION 

I A = -L bh 3 + Ad 2 = ^(60)(20) 3 + (60)(20)(50) 2 
= 3.04 x 10 6 mm 4 

I R = —bh 3 = — (60)(20) 3 = 0.04 x 10 6 mm 4 
B 12 12 V A 7 

/ = —bh 3 = — (20)(120) 3 = 2.88 x 10 6 mm 4 
c 12 12 

/ = 21 A + I B + 21 c = 11.88 xlO 6 mm 4 = 1 1.88 x 10" 6 m 4 

Q a = Ay = (60X20X50) = 60 x 10 3 mm 3 = 60 x 10" 6 m 3 

t = 20 mm + 20 mm = 40 mm = 40 x 10 -3 m 

= 0 x 10 3 )(60 x IQ" 6 ) = 379 xl0 3 Pa 

It (11.88 x 10“ 6 )(40 x 10“ 3 ) 

= 0 

= ^ = 0 

It 


{a) t a 
Qb 

(b) r B 






50 

Jl 


t a = 379 kPa ◄ 
r 5 = 0 ◄ 
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400 


PROBLEM 6.33 

The built-up wooden beam shown is subjected to a vertical shear of 
8 kN. Knowing that the nails are spaced longitudinally every 60 mm 
at A and every 25 mm at B , determine the shearing force in the nails 
(a) at A, ( b ) at B. (Given: I x = 1.504 x 10 9 mm 4 .) 


Dimensions in mm 


SOLUTION 


(a) 


(b) 


I x = 1.504 x 10 9 mm 4 = 1504 x 10 _6 m 4 
s A = 60 mm = 0.060 m 
s B = 25 mm = 0.025 m 

Q A =Q X = A x y x = (50)(100)(1 50) = 750 x 10 3 mm 3 

= 750 x 10 -6 m 3 

f a = <1a s a 

_ VQsj _ (8 x 10 3 )(750 x 10~ 6 )(0.060) 

/ 1504 xl0“ 6 

Q 2 = A 2 y 2 = (3 00)(5 0)(1 7 5) = 2625 x 10 3 mm 3 
Qb = 20i + Q 2 = 4 1 25 x 10 3 mm 3 
= 4125 x 10 -6 m 3 



F a = 239 N ◄ 


F b 


( 1b s b 


VQb£b _ (8 x 10 3 )(4125 x 10~ 6 )(0,025) 
/ _ 1504 xl0“ 6 


F b = 549 N ◄ 
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105 mm PROBLEM 6.34 

M 


C • 


[ 



Knowing that a W360 x 122 rolled-steel beam is subjected to a 250-kN vertical shear, 
determine the shearing stress ( a ) at points, ( b ) at the centroid C of the section. 


SOLUTION 


ForW360 xl22, d = 363 mm, b F = 257 mm, t F = 21.70 mm, t w = 13.0 mm 
/ 


367 x 10 6 mm 4 


367 x 10 -6 m 4 


(a) A a = (105X21.70) = 2278.5 mm 2 


— d tp 

y ° = 2~Y = 


363 21.70 


= 170.65 mm 


2 2 

Q a = A a y a = 388.8 x 10 3 mm 3 = 388.8 x 10“ 6 m 3 

t a = t F = 21.70 mm = 21.7 x 10 _3 m 

1U = (250xl0 3 )(388.8 xl0-*) = ^ 21 x 1()6pa 
It a (367 x 10 _6 )(21 .7 x 10 -3 ) 

(b) 4 = bptp = (257)(21.70) = 5577 mm 2 

- d t F 363 21.70 

Vi = — = = 170.65 mm 

2 2 2 2 




1 (d 

y 2 = — — 
2 2 1 2 


(1 3.0X159. 8) = 2077 mm 2 
79.9 mm 


Q c = ZAy = (5577X170.65) + (2077)(79.9) = 1117.7 x 10 3 mm 
L = L, = 13.0 mm = 13 x 10 _3 m 


= 1117.7 x 10“ 6 m 3 


= 


YQc. 

it. 


(250 x 10 )(1 117.7 x 10 ) _ 5g 6 x 1() 6 pa 


(367 x 10 _6 )(13 x 10" J ) 


i-3\ 


&zzz r-|c 

k 


12.21 MPa ◄ 


EZZZ 






zzzz? 


58.6 MPa ◄ 
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PROBLEM 6.35 

An extruded aluminum beam has the cross section shown. 
Knowing that the vertical shear in the beam is 150 kN, determine 
the shearing stress at (a) point a, ( b ) point b. 


SOLUTION 


(a) 


7ZZ 2 7Z£ZEZZE20\ __ 

I A) 






/=^.(150)(80) 3 -^.(126)(68) 3 

= 3.098 x 10 6 mm 4 = 3.0985 x 10“ 6 m 4 

Qa = A3\ + 2A 2?2 

= 026X6X37) + (2)02X40X20) 

= 47.172 x 10 3 mm 3 = 47.172 x 10“ 6 m 3 
t a = (2)(1 2) = 24 mm = 0.024 m 

Z a= 050 x 10 3 )(47.172 xl0^) = 95 2 xi06pa 
It a (3.0985 x 10 _6 )(0.024) 

T a = 95.2 MPa ◄ 

Q b = A,y, = (126)(6)(37) = 27.972 x 10 3 mm 3 

= 27.972 x 10“ 6 m 3 
t b = (2)(6) = 12 mm = 0.012 m 

M= (150xl0 3 )(27.972 xl0^) =ii28xi06pa 
It b (3.0985 x 10 _6 )(0.012) 

r b = 1 12.8 MPa ◄ 
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PROBLEM 6.36 

An extruded aluminum beam has the cross section shown. Knowing that the 
vertical shear in the beam is 150 kN, determine the shearing stress at 
(a) point a , ( b ) point b. 


- 80 

Dimensions in mm 


SOLUTION 



/ = _L(80)(80) 3 - ^(56)(68) 3 = 1.9460 x 10 6 mm 4 
= 1.946 xl0“ 6 m 4 
(a) Q a = A,y, + 2 A 2 y 2 

= (56X6X37) + (2X12X40X20) = 3 1.632 x 10 3 mm 3 
= 31.632 xl0" 6 m 3 
t a = (2X12) = 24 mm = 0.024 m 

A= (150xl0 3 )(31.632 xl0") =1016xl()6pa 
It a (1.946 x 10" 6 )(0.024) 

T a = 101.6 MPa ◄ 

(, b ) Q b = A,y, = (56X6X37) = 12.432 x 10 3 mm 3 

= 12.432 xl0“ 6 m 3 
t b = (2X6) = 12 mm = 0.012 m 

^ = (150xl0 3 X12 432xl0") = 799xl()6pa 
It b (1.946 xl0" 6 )(0.0 12) 

r b = 79.9 MPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


930 



PROBLEM 6.37 

Knowing that a given vertical shear V causes a maximum shearing stress of 
75 MPa in an extruded beam having the cross section shown, determine the 
shearing stress at the three points indicated. 


SOLUTION 


Point c: 


Point b\ 


Point a\ 


(j Q/t) m occurs at b. 


t = -y- z is proportional to Q/t. 
Q c = (30X10X75) 

= 22.5 x 10 3 mm 3 
t c = 10 mm 
QJt c = 2250 mm 2 

Qb = Qc + (20X50X55) 

= 77.5 x 10 3 mm 3 
t b = 20 mm 
Q b lt b = 3875 mm 2 
Qa = 2Qb + (120X30X15) 

= 209 x 10 3 mm 3 
t a = 120 mm 
QJt a = 1741.67 mm 2 

T m= T b= 75 MPa 
T _a = lb = lc 

QJta QJh QJt c 

r a _ 75 MPa _ r a 
1741.67 mm 2 3875 mm 2 2250 mm 2 


c 



y^/t YZZZL 

i 



Y//////A 

o 



a. 




z a = 33.7 MPa ◄ 
r b = 75.0 MPa ◄ 
r c = 43.5 MPa ◄ 
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0.5 in. h - 


— 5 in. — 

— d 

PROBLEM 6.38 

8 i 



! 1 

h 

The vertical shear is 1200 lb in a beam having the cross section 
shown. Knowing that d = 4 in., determine the shearing stress at 

-i- ^ 


1 

4 in. 

1 

( a ) point a , (b) point b. 


t 

0.5 in. 
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0.5 in. h - 

L 1 

— 5 in. — ► 

— d 

PROBLEM 6.39 

8 i 



! 1 

h 

The vertical shear is 1200 lb in a beam having the cross section 
shown. Determine (a) the distance d for which r a = r&, ( b ) the 

A 


1 

4 in. 

- - n 1 

corresponding shearing stress at points a and b. 


t 

0.5 in. 





SOLUTION 

A x = 0.5 d in 2 , y x = 3.75 in., t b - 0.5 in. 
A 2 = (5)(4) = 20 in 2 , y 2 = 2 in., t a = 5 in. 

Q, = A x y x - 1.875J in 3 
^ _ VQ b _ V 1.875J 

Tu — — — 3 . / 3 

* It b I 0.5 I 

Q a = A 2 y 2 + 2 Q b = (20X2) + (2)(1.875J) 

= 40 + 3.75J 

t a = 5 in- 



(«) 


2U = F(40 + 3.75J) = g K + a75 W = = 3 75 ^ 

K 1(5) I I I 


8 + 0.75 d = 3.15d 


d = — = 2.6667 in. 
3 


(6) I x = ^(2.6667)(0.5) 3 + (2.6667)(0.5)(3.75) 2 = 18.780 in 4 

I 2 = I(0.5)(4) 3 = 106.667 in 4 

/ = 4/j + 2 1 2 = 288.46 in 4 

„ F/ (3.75)(1200)(2.6667) 

T n — T b — 3.75 — 

a * / 288.46 


(7 = 2.67 in. <4 


r a = 41.6 psi ^ 
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SOLUTION 


I = ^(2.50)(2.50) 3 - (2.125)(2.25) 3 = 1.23812 in 4 

t = 0.125 in. at all sections. 


V = 2 kips 


Qa= o 


T„ = 


VQa 

It 


Qb 


(0.125)(1.25) 



0.097656 in 3 


VQ, (2)(0.097656) 
It (1.23812)(0.125) 


Q c = Q b + (1 ,0625)(0. 1 25)(1 .1875) = 0.25537 in. 2 

VQ C (2)(0.25537) 
Tc ~ It “(1 ,23812)(0.125) 


Q d = 2 Q c + (0. 1 25) 2 (1 . 1 875) = 0.52929 


VQ, i (2)(0.52929) 

It (1.23812)(0.125) 


Q e = Q d + (0.125)(1.125) 


^U25 n 

v^J 


0.60839 


VQ (2)(0.60839) 

(1 ,23812)(0.125) 


= 0 ^ 


T b = 1 .262 ksi 4 


t c = 3.30 ksi 


z d = 6.84 ksi 4 


z e = 7.86 ksi 
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SOLUTION 


I = -^(2.50)(2.50) 3 - ^-(2.125)(2.25) 3 = 1.23812 in 4 


Add symmetric points c\ b\ and a\ 


Qe= 0 


Q d 


(0.125)0.125) 


1.125^ 


0.079102 in 3 


Q c = Q d + (0. 125) 2 (1 .1875) = 0.097657 in 4 


t d = 0.125 in. 
t c = 0.25 in. 


Q b = Q c + (2)(1 ,0625)(0. 1 25)(1 .1875) = 0.41309 in 3 t b = 0.25 in. 


Qa 


= & + (2X0.125)0.25) 



= 0.60840 in 3 


t a = 0.25 in. 


_ VQ a _ (2)(0.60840) 

r n = 3.93 ksi 4 

It a (1.23812)(0.25) 

Cl 

_VQ b _ (2)(0.41309) 

T b = 2.67 ksi 4 

It b (1.23812)(0.25) 


_ VQ C _ (2)(0.097657) 

t c =0.631 ksi ◄ 

It c ~ (1.23812X0.25) 


_ VQ d _ (2)(0.079102) 

r d = 1 .02 ksi A 

It d ~ (1 ,23812)(0.125) 


II 

T e = 0 ◄ 
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PROBLEM 6.42 

Knowing that a given vertical shear V causes a maximum shearing stress of 
50 MPa in a thin-walled member having the cross section shown, determine 
the corresponding shearing stress (a) at point a , ( b ) at point b , (c) at point c. 


SOLUTION 


Qa 

ft 

ft 

ft 


= (12)(30)(25 + 10 + 15) = 18 x 10 3 mm 3 
= (40)(10)(25 + 5) = 12 x 10 3 mm 3 


= Q a + 2 Q b + (12)(10)(25 + 5) = 45.6 x 10 3 mm 3 
25 


ft + a 2X25) I 


49.35 x 10 3 mm 3 


K =t c =t m =\2mm 
t b =10 mm 


z m = 50 MPa 


(a) 

Ll 

_ Qa 


18 

12 

=0.36474 


Q,„ 

Q 

” 49.35 

12 

(b) 


_Qb_ 

bn 

12 

12 

=0.29179 

T m 

Qm 

h 

~ 49.35 

10 

(c) 

Ll 

_ Qc 

.Ll 

45.6 

12 

=0.92401 


Qm 


” 49.35 

12 


z a =18.23 MPa ◄ 
r h = 14.59 MPa ◄ 
t c = 46.2 MPa ◄ 
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PROBLEM 6.43 

Three planks are connected as shown by bolts of |-in. diameter spaced every 
6 in. along the longitudinal axis of the beam. For a vertical shear of 2.5 kips, 
determine the average shearing stress in the bolts. 


SOLUTION 

Locate neutral axis. 




% 




gi 




6.S 


i \ 


XA = (2)(2)(10) + (10)(4) = 80 in 2 
XAy = (2)(2)(10)(5) + (10)(4)(8) = 520 in 3 
Y = Z4y _ 520 


XA 


80 


= 6.5 in. 


~(2)(10) 3 + (2)(10)(1.5) 2 


1 


+ — (10)(4)' + (10)(4)(1 .5) = 566.67 in 4 


Q = (2)00X1.5) = 30 in 3 

VQs (2.5)(30X6) 


F - qs - 


A - —d 2 ~ — 

%olt ~ ^ a bolt “ ^ 


566.67 


= 0.79411 kips 


- = 0.1 10447 in 2 


V t 


^bolt 


molt 


0,79411 

0.110447 


7.19 ksi ◄ 
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PROBLEM 6.44 

A beam consists of three planks connected as shown by steel bolts with a 
longitudinal spacing of 225 mm. Knowing that the shear in the beam is 
vertical and equal to 6 kN and that the allowable average shearing stress in 
each bolt is 60 MPa, determine the smallest permissible bolt diameter that 
can be used. 


SOLUTION 


Part 

4(mm 2 ) 

7(mm) 

4y 2 (10 6 mm 4 ) 

7(1 0 6 mm 4 ) 

® 

7500 

50 

18.75 

14.06 

© 

7500 

50 

18.75 

14.06 

© 

15,000 

-50 

37.50 

28.12 

E 



75.00 

56.24 



/ = £Ay z +ZI = 131.25 x 10° mm 4 = 131.25 x 10“° m 
Q = A{y x = (75 00)(50) = 3 75 x 10 3 mm 3 
= 375 x 10 -6 m 3 


4olt - r boltAolt ~ qs ~ 


VQs 


4oit 


VQs 


(6 x 10 3 )(375 x 10~ 6 )(0.225) 
(6 x 10 6 )(13 1.25 x 10 6 ) 


64.286 xl0" 6 m 2 
64.286 mm 2 


44^ / (4)(64.286) 

n \ n 


d holt = 9.05 mm A 
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PROBLEM 6.45 

A beam consists of five planks of 1.5 x 6-in. cross section connected by steel 
bolts with a longitudinal spacing of 9 in. Knowing that the shear in the beam is 
vertical and equal to 2000 lb and that the allowable average shearing stress in 
each bolt is 7500 psi, determine the smallest permissible bolt diameter that can be 
used. 


SOLUTION 


Part 

A in 2 ) 

7o(in.) 

Ay o(in 3 ) 

X( in -) 

Ay 2 ( in 4 ) 

/(in 4 ) 

® 

9 

5 

45 

0.8 

5.76 

27 

© 

9 

4 

36 

-0.2 

0.36 

27 

© 

9 

3 

27 

-1.2 

12.96 

27 

© 

9 

4 

36 

-0.2 

0.36 

27 

© 

9 

5 

45 

0.8 

5.76 

27 

E 

45 


189 


25.20 

135 


Between ® and ©: 
Between © and ®: 


/ 


lAy 


189 

45 


: 4.2 in. 

160.2 in 4 

Q\ 2 =Qx= Ay x = (9)(0.8) = 7.2 in 3 


2 'A 
IAd 2 + tl 


0 23 = 0 + Ay 2 = 7.2 + (9)(-0.2) = 5.4 in 3 

q 


VQ 

I 


Maximum q is based on 0 12 = 7.2 in 3 . 

(2000)(7.2) 


q = 


160.2 


= 89.888 lb/in. 


F bolt = qs = (89.888)(9) = 809 lb 


^bolt 


molt 


bolt 


molt 


molt 


bolt 


L bolt 


809 

7500 


0.1079 in 4 


-d 2 
4 a bolt 


d. 


bolt 


4 A 


bolt 


n 


(4)(0.1079) 


© 


© 


© 


ri© 

(D 


^boit = 0.371 in. ◄ 


n 
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PROBLEM 6.46 

Four LI 02 x 102 x 9.5 steel angle shapes and a 12 x 400-mm plate are bolted 
together to form a beam with the cross section shown. The bolts are of 22-mm 
diameter and are spaced longitudinally every 120 mm. Knowing that the beam 
is subjected to a vertical shear of 240 kN, determine the average shearing stress 
in each bolt. 


SOLUTION 


For one L102 x 102 x 9.5 , 



A = 1845 mm 2 
/ = 1.815 xlO 6 mm 2 
Q = (1845 mm 2 )(171 mm) 
= 315.5 x 10 3 mm 3 
= 315.5 x 10“ 6 m 4 


For 12-mm x 400-mm plate and four angle, 

I = — (12mm)(400mm) 3 +4[1.815 x 10 6 mm 4 + (1845 mm 2 )(171 mm) 2 ] 


One angle: 


= 287.06 x 10 6 mm 4 = 287.06 x 10" 6 m 4 

VQ (240 kN)(3 15.5 x 10 _6 m 3 ) „„„ ollkT , 

= — = - t— ; = 263.78 kN/m 

I 287.06 xl0“ 6 m 4 


F = qs = (263.78 kN/m)(0.120 m) = 31.65 kN 


Diam. bolt = 22 mm 



31.65 kN 

-(0.022 m) 2 
4 


t = 83.3 MPa ◄ 
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D 


PROBLEM 6.47 

t 

1.6 in. 

! A B < 



E F 

s 1 

A plate of ^-in. thickness is corrugated as shown and then used as a 
beam. For a vertical shear of 1.2 kips, determine (a) the maximum 
shearing stress in the section, ( b ) the shearing stress at point B. Also, 

N ^ in -» 



1 

, O in A 

p* Z ill. ^ 

1.2 in. 

1.2 in. 

< Z 111. 

sketch the shear flow in the cross section. 
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22 mm — >j 


> d 50 1 


10 mm 10 mm 


PROBLEM 6.48 

A plate of 2-mm thickness is bent as shown and then used as a beam. For a vertical 
shear of 5 kN, determine the shearing stress at the five points indicated and sketch the 
shear flow in the cross section. 


SOLUTION 


Qa 

Qa 

Qc 

Qd 

Qe 


= 2 


y~(2)(48) 3 +^(2)(52) 3 + -L(20)(2) 3 + (20)(2)(25) 2 


: 133.75 xlO 3 mm 4 


= 133.75 xlO -9 mm 4 


:(2)(24)(12) =576 mm 3 
■ 0 


= 576 x 10 -9 mm 3 


= Q b - (12X2X25) = -600 mm 3 = -600 x 10“ 9 m 3 
= Qc- (2)(24)(12) = -1.176 x 10 3 mm 3 = -1.176 x 10" 6 m 3 
= Q d + (2)(26)(13) = -600 mm 3 = -500 x 10" 9 m 3 








II 

(5 x 10 3 )(576 x 10“ 9 ) 

= 10.77 xlO 6 Pa 

r a = 10.76 MPa ◄ 

It 

~ (133.75 x 10“ 9 )(2 x 10“ 3 ) 



_ VQ h 



T h = 0 ◄ 

It 




$ 

II 

(5 x 10 3 )(600 x 10“ 9 ) 

= 11.21 xlO 6 Pa 

T c = 11.21 MPa ◄ 

It 

_ (133.75 x 10" 9 )(2 x 10“ 3 ) 



II 

Ip 

(5 x 10 3 )(1.176 x 10 -6 ) 

= 22.0 x 10 6 Pa 

r d = 22.0 MPa ◄ 

It 

” (133.75 x 10“ 9 )(2 x 10“ 3 ) 



N 

(5 x 10 3 )(500 x 10“ 9 ) 

= 9.35 x 10 6 Pa 

r e = 9.35 MPa ◄ 

It 

~ (133.75 x 10“ 9 )(2 x 10“ 3 ) 
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60 mm 



PROBLEM 6.49 

An extruded beam has the cross section shown and a uniform wall 
thickness of 3 mm. For a vertical shear of 10 kN, determine {a) the 
shearing stress at point A, ( b ) the maximum shearing stress in the beam. 
Also, sketch the shear flow in the cross section. 


SOLUTION 

1 6 

tan a = — a = 28.07° 

30 

Side: A = (3 sec a)(30) = 102 mm 2 

I = — (3 sec «)(30) 3 = 7.64 98 x 10 3 mm 4 
12 


Part 

^4 (mm 2 ) 

7 0 (mm) 

^J(10 3 mm 3 ) 

d (mm) 

^ 2 (10 3 mm 4 ) 

7(10 3 mm 4 ) 

Top 

180 

30 

5.4 

11.932 

25.627 

neglect 

Side 

102 

15 

1.53 

3.077 

0.966 

7.6498 

Side 

102 

15 

1.53 

3.077 

0.966 

7.6498 

Bot. 

84 

0 

0 

18.077 

27.449 

neglect 

i 

468 


8.46 


55.008 

15.2996 


y _W 

0 i :a 


8.46 xlO 3 
468 


= 18.077 mm 


/ = 2 lAd 2 + 1/ = 70.3 1 x 10 3 mm 4 = 70.3 1 x 10~ 9 m 4 


-6 „3 


(a) Q a =(180)(1 1.932) = 2. 14776 x 10" mm° = 2.14776 xl0 _D m 


t = (2)(3x 10 -3 ) = 6x 10 -3 m 
_YQ_ = (10 xl0 3 )(2. 14776 xlQ~ 6 ) _g Q 9xlQ 6 Pa 
It (70.3 1 x 1 0“ 9 )(6 x 1 0 -6 ) 


(b) Q m =Q a + (2)(3 sec «)(1 1.932) 


-x 11.932 


= 2. 1 4776 x 1 0 3 + 484.06 = 2.63 1 8 x 1 0 3 mm 3 
= 2.6318 xl0~ 6 m 3 
t = 6xl0“ 3 m 


m,= (10xl0-)(2.6318xl0--) =6z4xi()6pa 


It 


(70.31xl0^ 9 )(6xl0 3 ) 


t a = 50.9 MPa ◄ 



r m = 62.4 MPa ◄ 
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D 


6 in. 


E 





3 in.- 


2 in. 


- 3 in .- 


PROBLEM 6.50 

A plate of thickness t is bent as shown and then used as a beam. For a 
vertical shear of 600 lb, determine (a) the thickness t for which the 
maximum shearing stress is 300 psi, (b) the corresponding shearing 
stress at point E. Also, sketch the shear flow in the cross section. 
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PROBLEM 6.51 

The design of a beam calls for connecting two vertical rectangular | x 4 -in. plates 
by welding them to horizontal 4 x 2 -in. plates as shown. For a vertical shear V, 
determine the dimension a for which the shear flow through the welded surface is 
maxi m um. 


SOLUTION 


I = (2) 


12 


(4; + (2) 


( 2 ) 


+ (2)(2) 


4.041667 + 2a 2 in 4 


7i V 


Q = ( 2) 


^ j 


VQ 

I 


a = a in 

Va 


4.041667 + 2 a z 


Set ^ = 0. 


dq 

da 


(4.041667 + 2a 2 ) - (a)(4a) 
(4.041667 + 2 a 2 ) 2 


da 

V = 0 


2 a 1 = 4.041667 


a = 1 .422 in. A 
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PROBLEM 6.52 

The cross section of an extruded beam is a hollow square of side a = 3 in. and 
thickness t = 0.25 in. For a vertical shear of 15 kips, determine the maximum 
shearing stress in the beam and sketch the shear flow in the cross section. 


SOLUTION 



Q na = 2[(3 in. X 0.25 in.)(1.0607 in.)] = 1.59105 in 3 

_ VQna _ (15 kips)(1.59105 in 3 ) 

T m ~ t na ~ I(2t) ~ ( 4 53125 in 4 )(2)(0.25 in.) 
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PROBLEM 6.53 

An extruded beam has a uniform wall thickness t. Denoting by V the vertical 
shear and by A the cross-sectional area of the beam, express the maximum 
shearing stress as r max = k(V/A) and determine the constant k for each of the 
two orientations shown. 


SOLUTION 



(a) 



2 

A\ = A 2 = at 

L = Ah 2 =ath 2 = —a 3 t 

1 1 4 

1 9 1 3 O 1 a 

7, = —A 2 h 2 =-at-a 2 =-ah 

2 3 2 3 4 4 

7 = 27, +47, =-a 3 t 
1 2 2 


a 

Qi 

Qm 


■ Ah = —a 2 t 


h V3 


= A 2 - = 

2 2 4 


2 

at 


■■ 0, + 2 Q 2 = V3 a 2 t 


VQ FV3 ah _ V3 F 
" 7(20 " 

6^3 F 6^3 V V 

5 5 A A 

, 6^3 

A: = 

5 


k = 2.08 ◄ 



(b) 


h=“ 

2 

A x = at 


A 1 = —at 


7, = 7, + A\d 2 
1 7 2 

= — atn +at 
12 


2 a h 

1 

U 2 


1 3 9 3 7 3 

— a AH a A = — a t 

48 16 12 


h =~t 
3 


v2y 


1 3 

= — at 
24 


7 = 47, +47, = —a 3 t 
1 2 2 


2i =at 


a h 
+ 


\2 2. j 


1 

—at 

v2 , 


3 2 

—at 

4 

, 1 2 
— ] = —a A 

v4. 


0 — 20i + 202 — —a A 


^0 


F-| a 3 A 


7 (2a) (fa 3 A)(2A) 

_ 7 F _ 42 F _ 21 F 
20 20 6at 10 ^4 


A: = — = 2.10 ◄ 
10 
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SOLUTION 


(a) 

(b) 


A = 2nr m t J = Ar*=2xr*t I = ^J = xr*t 

_ sin 6 , . , 

r = tor a circular arc. 

e 

A p = 2 rOt 

Q P = A P T = 2 rt sin 6 

VQp (V^bT sin 0) 

1 ( 2f ) (^?)(2f) 

2F sin^ 



2F 


◄ 
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PROBLEM 6.55 

For a beam made of two or more materials with different moduli of elasticity, show that Eq. (6.6) 

r 

ave It 

remains valid provided that both Q and / are computed by using the transformed section of the beam 
(see Sec. 4.4), and provided further that t is the actual width of the beam where r ave is computed. 


SOLUTION 

Let E yq{ be a reference modulus of elasticity. 


m = 


Hr 


Kc\oc^i 

Section 


fto =- 


J E 

^ref 


etc. 


ref 


y 

1 

L-n,U| 


- 


i 






TV a IA s f J* ^c:i 
Sec+i cm 


Widths b of actual section are multiplied by n’s to obtain the transformed section. The bending stress 
distribution in the cross section is given by 


cr = - 


nMy 


where / is the moment of inertia of the transformed cross section and y is measured from the centroid of the 
transformed section. 


The horizontal shearing force over length Ax is 


Q(AM) 


Shear flow: 


AH = -j(A(r x )dA = j n{ i )V dA = ^-^-jnydA = ^ 

Q = j n ydA = first moment of transformed section. 

_ AH _ AM Q _ VQ 


Ax Ax I I 
q is distributed over actual width t , thus 


t 

VQ 

It 
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90 mm | 


84 mm 


90 mm □ 



kg 


6 mm - 4 - 140 mm 4- 61 


PROBLEM 6.56 

A composite beam is made by attaching the timber and steel portions shown with 
bolts of 12-mm diameter spaced longitudinally every 200 mm. The modulus of 
elasticity is 10 GPa for the wood and 200 GPa for the steel. For a vertical shear of 
4 kN, determine (a) the average shearing stress in the bolts, ( b ) the shearing stress 
at the center of the cross section. (Hint: Use the method indicated in Prob. 6.55.) 


SOLUTION 


Let steel be the reference material. 

_K_ 10 GPa 
Hw ~ E ~ 200 GPa 


n s = 1.0 n 
Depth of section: 

For steel portion, 

For the wooden portion, 

For the transformed section. 


0.05 


d = 90 + 84 + 90 = 264 mm 


1 


1 


12 


12 


I s = 2—bd 5 = (2) — (6)(264) 3 = 18.400 x 10° mm 4 


I w = - </f ) = yt.(140)(264 3 _ g4 3 ) = 207.75 x 10 6 mm 4 


I = n s I s + nj w 


I = (1.0)(1 8.400 x 10 6 ) + (0.05)(207.75 x 10 6 ) = 28.787 x 10 6 mm 4 = 28.787 x 10" 6 m 4 
(a) Shearing stress in the bolts. 

For the upper wooden portion, Q w = (90)(140)(42 + 45) = 1.0962 x 10 6 mm 3 
For the transformed wooden portion, 

Q = n w Q w = (0.05)0.0962 x 10 6 ) = 54.81 x 10 3 mm 3 = 54.81 x 10“ 6 m 3 


Shear flow on upper wooden portion: 


VQ _ (4000)(54.81 x 10“ 6 ) 


q = 


->-6 


= 7616 N/m 


/ 28.787 x 10" 

F bolt = qs = (7616)(0.200) = 1523.2 N 


4oit = fdL = f(U) 2 = 113.1 mm 2 = 113.1 x 10" 6 m 2 


Double shear: 


‘bolt 


bolt 


1523.2 


2 4oit (2)(113.1 x IQ” 6 ) 


= 6.73xlO b Pa 


r bo | t = 6.73 MPa -4 
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PROBLEM 6.56 (Continued) 


(b) Shearing stress at the center of the cross section . 

For two steel plates, Q s = (2)(6)(90 + 42)(90 - 42) = 76.032 x 10 3 mm 3 = 76.032 x 10 -6 m 3 

For the neutral axis, Q = 54.81 x 1CT 6 + 76.032 x 10 -6 = 130.842 x 10 -6 m 3 

Shear flow across the neutral axis: 

VQ (4000)(1 30.842 x 10" 6 ) 1C 1C1 1a3at/ 

q = — = — = 18.181 x 10^ N/m 

/ 28.787 x 10" 6 

Double thickness: 2t = 12 m m = 0.012 m 

o, • q 18.181 x 10 3 . _ 1a6a 

Shearing stress: r = — = = 1.515 x 10 Pa 

2 1 0.012 


t = 1.515 MPa ◄ 
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PROBLEM 6.57 

A composite beam is made by attaching the timber and steel portions shown with 
bolts of 12-mm diameter spaced longitudinally every 200 mm. The modulus of 
elasticity is 10 GPa for the wood and 200 GPa for the steel. For a vertical shear of 
4 kN, determine (a) the average shearing stress in the bolts, ( b ) the shearing stress at 
the center of the cross section. (Hint: Use the method indicated in Prob. 6.55.) 


SOLUTION 

Let 


E ref =E s = 200 GPa 


n=\ #i = 


E w 

w 

E, 


10 GPa 


1 


200 GPa 20 


Widths of transformed section: 
b 0 = 150 mm 
1 


b„. = 


— 1(150) = 7.5 mm 
V 20 IV 


1 = 2 


12 


(150)(12) 3 + (1 50)(1 2)(1 25 + 6) 2 


+— (7.5)(250) 3 


(a) 


= 2[0.0216 x 10 6 + 30.890 x 10 6 ] + 9.766 x 10 6 
= 71.589 xlO 6 mm 4 =71.589 xl0“ 6 m 4 

Q =(150)(12)(125 + 6) = 235.8xl0 3 mm 3 =235.8xl0" 6 m 3 


q = 


VQ _ (4 x 10 3 )(235.8 x 10~ 6 ) 
I ~ 71.589 xlO -6 


= 13.175 xl0 3 N/m 


F bolt = qs = (23 . 1 87 x 1 0 3 )(200 x 1 0 3 ) = 2.635 x 1 0 3 N 


bolt 


■~d 2 

■ 4 «bolt 


\ 4 j 


(12) 2 =113.1 mm 2 =113.1xl0 _6 m 2 


r bolt “ 


bolt 


^bolt 


2 ' 635 X 10 = 23.3x10^ Pa 


113.1x10" 


YZZ2ZL 




7.S 




r bolt = 23.3 MPa ◄ 


(b) 


Q 2 =Qi+ (7.5X125X62.5) = 235.8 x 10 3 + 58.594 x 10 3 = 294.4 x 10 3 mm 3 = 294.4 x 10“ 6 m 3 


t = 150 mm = 150x 10 3 m 

VQ 2 (4 x 1 0 3 )(294.4 x 1 0” 6 ) 


It (71.589x10” 6 )(150x10^ 3 ) 


: 109.7 XlO 3 Pa 


r = 109.7 kPa ◄ 
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Aluminum ^ 


PROBLEM 6.58 

2 | n ' A steel bar and an aluminum bar are bonded together as shown to form a 

Steel 


1 composite beam. Knowing that the vertical shear in the beam is 4 kips and that 

the modulus of elasticity is 29xl0 6 psi for the steel and 10.6 xlO 6 psi for the 
1 ' aluminum, determine (a) the average stress at the bonded surface, ( b ) the 


1.5 in. 

maximum shearing stress in the beam. (Hint: Use the method indicated in 
Prob. 6.55.) 


SOLUTION 


n = 1 in aluminum. 


29 x 10 6 psi 
10.6 x 10 6 psi 


2.7358 in steel. 


Part 

nA( in 2 ) 

Kin-) 

/L4y(in 3 ) 

(/(in.) 

nAd 2 (in 2 ) 

nl( in 4 ) 

Alum. 

3.0 

2.0 

6.0 

0.8665 

2.2525 

1.0 

Steel 

4.1038 

0.5 

2.0519 

0.6335 

1.6469 

0.3420 

X 

7.1038 


8.0519 


3.8994 

1.3420 



£ nAy _ 8.0519 
£ nA ~ 7.1038 


1.1335 in. 


/ = I nAd 2 + Yjnl = 5.2414 in 4 


(a) At the bonded surface, 


(, b ) At the neutral axis, 


Q = (1.5)(2)(0.8665) = 2.5995 in 3 
VQ _ (4)(2.5995) 


T = 


It (5.2414)(1.5) 


Q = (1.5)(1.8665) 


1.8665 


2.6129 in 


3 


VQ _ (4)(2.6129) 
It ~ (5.2814X1.5) 


t = 1.323 ksi ◄ 


W = !- 329 ksi < 
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Steel - 


Aluminum - 


1.5 in. 


2 in. 


lin. 

_L 


PROBLEM 6.59 

A steel bar and an aluminum bar are bonded together as shown to form a 
composite beam. Knowing that the vertical shear in the beam is 4 kips and 
that the modulus of elasticity is 29 x 10 6 psi for the steel and 10.6 x 10 6 psi for 
the aluminum, determine ( a ) the average stress at the bonded surface, ( b ) the 
maximum shearing stress in the beam. (Hint: Use the method indicated in 
Prob. 6.55.) 


SOLUTION 


n = 1 in aluminum. 


29 x IQ 6 psi 
10.6 xlO 6 psi 


= 2.7358 in steel. 


Part 

^(in 2 ) 

Ain.) 

^y(in 3 ) 

d (in.) 

nAd 2 (in 2 ) 

nl (in 4 ) 

Steel 

8.2074 

2.0 

16.4148 

0.2318 

0.4410 

2.7358 

Alum. 

1.5 

0.5 

0.75 

1.2682 

2.4125 

0.1250 

X 

9.7074 


17.1648 


2.8535 

2.8608 


(a) At the bonded surface, 


(b) At the neutral axis, 


Y = = 17,1648 =1.7682 in. 

IA 9.7074 

I = ZnAd 2 + ZnT = 5.7143 in 4 


0 = (1.5)(1.2682) = 1.9023 in 3 

VQ (4)(1.9023) 

T ~ It ~ (5.7143)(1.5) 

Q = (2.7358)(1 -5)(1 .23 1 8) 

_VQ_ (4)(3.1133) 
nax It (5.7143X1-5) 


1.2318 




T 

I.23IS. 

i 



f 



1 . 


= 3.1133 in 


3 


r = 0.888 ksi A 


= 1.453 ksi ◄ 
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PROBLEM 6.60 



Neutral axis 


Consider the cantilever beam AB discussed in Sec. 6.5 and the 
portion ACKJ of the beam that is located to the left of the transverse 
section CC and above the horizontal plane JK , where K is a point at 
a distance y < y Y above the neutral axis. (See figure.) {a) Recalling 
that g x = g y between C and E and g x = ( cr Y /y Y )y between E and K , 
show that the magnitude of the horizontal shearing force H exerted 
on the lower face of the portion of beam^CX/is 



2c -y Y 

y Y J 


(b) Observing that the shearing stress at K is 


t . AH t . 1 AH 1 dH 
t xv = lim = lim = 

7 at->o A A Ax->o b Ax b dx 


and recalling that y Y is a function of v defined by Eq. (6.14), derive 
Eq. (6.15). 


SOLUTION 


Point K is located a distance y above the neutral axis. 

The stress distribution is given by 

g = o Y — for 0 <y <y Y and g = g y for y Y < y < c. 

y Y 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


956 


PROBLEM 6.60 (Continued) 


For equilibrium of horizontal forces acting on ACKJ, 

tt- i„aa- 


Note that y Y is a function of x. 


\ adA= \ 


y y Y 


■ [ a Y bdy 

J Vv 


a Y b \ y Y -y 2 \ Uf , 

= — +<j v b(c-y Y ) 

y Y { 2 


H = —ba Y 2 c-y Y - — 

2 l y Y 


1 dH 1 
Txy ~~b~dx~2 aY 


dyy + y_ dy Y 

dx y 2 dx 


1 _ i y dy Y 

— CJ y 1 


y Y 2 J dx 


M = Px = -M v \ l--^f 
2 J 3 c 2 


Differentiating, 


dM _ p _ 3 ^ 2 y Y dy Y 


dx 2 l 3 c 2 dx 


dy Y _ Pc 1 _ Pc _ 3 P 

dx y Y Ad Y y Y j- <j y bc 2 cr Y by Y 


1 i ^ 3 ^ 

T„=—(J V 1 


y 2 1 2 <J Y b<J Y 4 by Y I y 
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PROBLEM 6.61 

Determine the location of the shear center O of a thin-walled beam of uniform 
D E 1 thickness having the cross section shown. 

^ i - 

F G 

i - 

H J 



a 
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PROBLEM 6.62 

Determine the location of the shear center O of a thin-walled beam of uniform 
thickness having the cross section shown. 
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PROBLEM 6.62 (Continued) 


Part DB\ 


„ , . 3 a 

Q = (ta)— + txa 


= ta 


3 a 


- + x 


V 2 

_ VQ Vaf3a 


It 


I \ 2 


+ X 


f i a C 2a Va | 

f 'l 

i j Vta i 

[2“f3a ) 

zdA - — 


\tdx- 

b X 

J Jo /I 

l 2 J 

1 / J 

lo U J 


dx 


Vta 

3 ax x 2 ' 

2 a 

_ Vta 3 

"(3)(2) 

x (2) 2 " 

I 


0 

/ 

2 

+ 

2 


Vta 15 


/ 28 

+)I.M h =+)I.M h : Ve = F 1 (2a)-2F l (2 a) 


-■—Va- — Va=-Va 
28 56 7 


/ 

vws/s/ 




L x —4 

L 


e = 


—a = 0.714a 
7 


◄ 
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D 

B 

PROBLEM 6.63 


A 

i 

i 

c 

c 

J 

i . . 

' Determine the location of the shear center O of a thin-walled beam of uniform 
thickness having the cross section shown. 

i 

\ 

E 

U J 

r 



SOLUTION 





Part AB: 


Part BD : 


1 AB ~ 1 FG 


-ta 


L DB - 1 CP 


lata 3, + —2 att 3 


12 


~ 9 a 16a 

I DE = —t{2a) 3 = —ta 3 I = 17 = —ta 3 


12 


ty y = j e = 


r = 


VQ = V 1 \tf_ 
It ^ ta 3 t 


3jy 

32a 3 t 

3V 


F i = Jr dA = \ a 0 rtdy = —y^/dt = —V 


32a 

1 2 

Q = Q B + txa = —ta + tax 


T = 


VQ _ vt 

It fa 3 t 


f \ 2 

— a + ax 

v2 


T> C 


3 V 

= -- T (a + 2x) 

32 a 2 

F 2 = frdA = \l a ( a + 2 x)dx 


32 a A 


3V 2 \ 2a 

T ( ax + jc ) 

32a 2 lo 

-^y(2 a 1 + 4a 2 ) = 


32 a 

+)XM h =+)T,M h : 

Ve = (2a)(2F ] ) + (2a)(F 2 ) 

= —Va + —Va = -Va 
8 8 4 


16 


2 ta 5 


tin 


A 


YZZZZZZ , 


1 . 


e = —a = 1.250a A 
4 
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PROBLEM 6.64 

Determine the location of the shear center O of a thin-walled beam of uniform 
thickness having the cross section shown. 
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B 

6 mm 

I 


PROBLEM 6.65 

12 mm^- 
O 

|J 

f A ' 
C 192 

An extruded beam has the cross section shown. Determine (a) the location of the 
shear center O , ( b ) the distribution of the shearing stresses caused by the vertical 
shearing force V shown applied at O. 

mm 

1 

V = 110 kN 

a 6 mm 
1 



D 

t 

E 



72 mm 




SOLUTION 


1 = 2 


12 


(72)(6) 3 + (72)(6) 


192 


+— (12)(192) 3 
12 


:15.0431xl0 6 mm 4 = 15.043 lxl0~ 6 m 4 


Part AB: 


A = 6x Q = Ay = ( 6x ) 

VQ 516Vx 
<7 = -^ = ^^ 


192 A 


■ 576x 


x = 0 at point A. x = l AB = 72 mm at point B 


72 576 Vx r 576 V (72) z 


Z7 f x * ^ r'^/tyx 
r\ = J q ax = J ax = 


(288)(72) 2 


-F = 0.099247 F 


15.0431x10° 

+)M C =+)M C : Ve = (0.099247 )F(1 92) 

(a) e = 19.0555 mm 

( b ) Point ^4: x = 0, 0 = 0, g = 0 

Point B in part AB: x = 72 mm 

Q = (576X72) = 4 1 .472 x 1 0 3 mm 3 = 4 1 .472 x 1 0^ 6 m 3 
t = 6 mm = 0.006 m 

Fg (110 x10 3 )(41.472x10~ 6 ) 

B ~ It ~ (15.0431 x10 _6 )(0.006) 


B i wm k 


Ux >1 


F, 


F, 


F, 


e = 19.06 m m A 


Ta = 


0 ◄ 


= 50.5 x 10 Pa 


t r = 50.5 MPa ◄ 
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SOLUTION 


ab - “(0-125)(3) 3 =1.125 in 4 


BD _-i-(4)(0.125) 3 +(4)(0.125)(3) 2 =4.50065 in 4 

I de=^( 0.125)(6) 3 =2.25 in 4 

Ief=Ibd= 4.50065 in 4 
I fg = I ab = \.\25 in 4 
7 = 17 = 13.50 in 4 


(a) Part AB: 


Q(y) = ty^ = 0.5ty 2 
q (y)=™± = 


Its moment about 77 is 


Part ST): 


„ f J , . , 0.5 Vt r 3 2 , , A 

f ab =\ o (l(y)dy = — — J Q y dy = 4.5yT 

Vt' 


Vt 


4F ab =18j) 

Qb = (0-5)(/)(3) 2 = 4.5) 

P(x) = 2s + ^)(3) = (4.5 + 3x) f 
Fy(x) Vt 

q(x) = — — = y (4.5 + 3x) 


r 4 V/ r 4 

F bd = $(x)<fc = — (4.5 + 3 x)dx = 42- 

Jo J J o 7 


Ft 


U 


8 


S aJ1 


<- 


Its moment about H\ 3F, 


BD 


= \26—') 

I 





Q d = [4.5 + (3)(4)]t = 16.5 1 
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PROBLEM 6.67 

An extruded beam has the cross section shown. Determine (a) the location of 
the shear center O , ( b ) the distribution of the shearing stresses caused by the 
vertical shearing force V shown applied at O. 


SOLUTION 


Part 

A (in 2 ) 

d (in.) 

Ad 2 ( in 4 ) 

/ (in 4 ) 

BD 

0.50 

3 

4.50 

«0 

ABEG 

1.25 

0 

0 

10.417 

EF 

0.50 

3 

4.50 

«0 

E 

2.25 


9.00 

10.417 


I = 'LAd 2 + 'Ll =19.417 in 4 


(a) Part BD\ 


Q(x) = 3 tx 

, , VQ(x) V „ N 
q(x) = — — = y(3 tx) 


F bd =— [ xdx = — (8) = 

T J F T 


Its moment about H: 


Part EF\ By same method, 


I Jo 
bd )h ~ ^BD 
24 Vt 


I I 

12Vt 


EF 


(M ef )h 


12Vt 


Moments of F AB , F BE , and F EG about //are zero. 


12Vt 12Vt 144 Vt 

Ve — YjMtt = + = 

H i i i 

_\AAt _ (144X0.125) 
e -—T~ 19.417 


2> tt\. 

.Jr ^ 


Fee 


F&o 


‘sr 


e = 0.927 in. ◄ 
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PROBLEM 6.67 (Continued) 


( b ) At A, D , F, and G, 

Just above B : 


Just to the right of B : 


Just below B : 


At H (neutral axis), 


By symmetry, 


2 = o 


21 = Qab = (20(4) = 8? 

r m (2.75)(8?) 

1 It (19.417)? 

2 2 =Qbd = (3)?(4) = 12? 

r _ F2 2 _ (2.75)(12?) 

2 It (19.417)? 

2 3 =2i+2 2 = 20? 

r VQi (2.75)(20?) 

^ It (19.417)? 

2// = 2 3 + 2^ = 20? + ?(3)(1 .5) = 24.5 ? 

r F2 g (2,75X24.5?) 

H It (19.417)? 


r, =1.133 ksi ◄ 
r 2 = 1.700 ksi A 
r 3 = 2.83 ksi A 

r H =3.47 ksi 4 

t 4 =t 3 = 2.83 ksi 4 
t 5 = t 2 =1.700 ksi A 
t 6 = t x =1.133 ksi A 
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PROBLEM 6.68 

An extruded beam has the cross section shown. Determine (a) the location 
of the shear center O, (b) the distribution of the shearing stresses caused by 
the vertical shearing force V shown applied at O. 


SOLUTION 


(a) 


I AB = I HJ = J_(30)(6) 3 + (30)(6)(45) 2 = 0.365 x 10 6 mm 4 
I DE = I FG =^-(30)(4) 3 +(30)(4)(15) 2 =0.02716 xl0 6 mm 4 

I AH =-i-(6)(90) 3 = 0.3645 xlO 6 mm 4 

/ = £/ = 1. 14882 xlO 6 mm 4 
For a typical flange, A(s) = ts 


t 



asp i s 


Flange AB : 


Flange DE: 

Flange FG: 
Flange HJ\ 


Dividing by V 9 


Q(s) = yts 

vm = v^ 

/ I 

F= \ b q(s)ds=^F 
Jo^ w 21 

F(45)(6)(30 2 ) =0 1Q576 ^ 

(2)(1. 14882 x 10“ 6 ) 

= F(15)( 4 )(30) = o 023502F <- 

(2)(1.14882xl0 6 ) 

F fg = 0.023502F -+ 

F hj = 0.10576F -+ 

+)™k = +y M K ■ Ve = 45 F ab + 15 F DE +15 F fg 
+ 45 F hj =10.223F 



e = 10.22 mm A 
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PROBLEM 6.68 (Continued) 


(< b ) Calculation of shearing stresses . 

F = 35 x 10 3 N / = 1 . 14882 x 1 0 -6 m 4 


At B, E, G, and J, t = 0 

At A and H , 

Q = (30)(6)(45) = 8. 1 x 10 3 mm 3 = 8. 1 x 10“ 6 m 3 


t = 6x10 3 m 

r = ^ = (35xl0 3 )(8 1xlQ- 6 ) =41 lxlQ6pa 

It (1.14882 xl0 _6 )(6x 10 3 ) 

Just above D and just below F: 

2 = 8. lxl 0 3 + (6)(30)(30) = 1 3.5 x 1 0 3 mm 3 =13.5xl0' 6 m 3 
t = 6 x 1 0~ 3 m 

r = £ g = (35 x 1 Q 3 )(1 3-5x1 0~ 6 ) =68 5xlQ6pa 

It (1.14882 xlO -6 )(6xlO~ 3 ) 

Just to right of D and just to the right of F: 

Q = (30)(4)(1 5) = 1 .8 x 1 0 3 mm 3 =1.8xlO" 6 m 3 t = 4xl0 3 m 

r = Z g = (35xl 0 3 )(18xl0~ 6 ) =1371xlQ6pa 

It (1. 14882 xl0 _6 )(4xl0 -3 ) 


t = 41.1 MPa ◄ 


x = 68.5 MPa ◄ 


x = 13.71 MPa ◄ 


Just below D and just above F: 

Q = 13.5 x 10 3 +1.8xl0 3 =15.3 xlO 3 mm 3 =15.3 xl0 _6 m 3 
t = 6xl0 _3 m 

r = ^ = (35xl 0 3 )(15.3xl0~ 6 ) =TJ1 ^ 

It (1.14882xl0" 6 )(6xl0~ 3 ) 


x = 77.7 MPa ◄ 


At K, 


Q = 15.3 x 10 3 + (6)(15)(7.5) = 15.975 x 10 3 mm 3 = 15.975 x 10“ 6 m 3 


r = ^ = (35 xlO 3 )(15.975 xlQ~ 6 ) =8Uxl()6pa 
It (1. 14882 xlO _6 )(6xlO“ 3 ) 


x = 81.1 MPa ◄ 
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PROBLEM 6.70 

Determine the location of the shear center O of a thin-walled beam of 
uniform thickness having the cross section shown. 
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PROBLEM 6.72 

Determine the location of the shear center O of a thin-walled beam of 
uniform thickness having the cross section shown. 
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SOLUTION 

For whole cross section. 


A = 27rat 


J = Aa 2 = liiat 


Use polar coordinate 6 for partial cross section. 

A- st = aOt 
_ sin a 


r 1 r 3 

1 = —J -na t 
2 


s = arc length 
1 


r = cl- 


ot 


where a-— 6 
2 


y = r sin a = a- 


sin 2 a 


a 


„ A - n sin 2 a 2^-2 

Q-Ay = atJta -at 2 sin a 

a 

Q 

= a 2 t 2 sin 2 — = a 2 t(l - cos#) 

2 



vq ya „ 

T = = (1 - COS 0) 

It I 


Mr 


r r 2 tt Vct Va t 

\axdA- (1-cos 6)tad6 = (d-sind) 

J Jo / / 


2n 

0 


InVa t 
ncc*t 


= 2aV 


But 


M c = Ve , hence 


’ = 2a 4 
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PROBLEM 6.75 

A thin-walled beam has the cross section shown. Determine the 
location of the shear center O of the cross section. 
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Jr 


50 mm - 


- 50 mm - 


D 


80 mm 


1 

60 i 

[ F. 

nm 




. d 


40 mm 


\^ € 


PROBLEM 6.76 

A thin-walled beam has the cross section shown. Determine the 
location of the shear center O of the cross section. 
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PROBLEM 6.76 (Continued) 


Likewise, for Part DE, F 1 = — - 

h( + hi + hi 

hlV 

and for Part FG, F, = — ; \ - 

hi + hi + hi 

^JLM h = £)LM„: Ve = bF 2 + 2hF } = 'f ^ V 
^ ^ h( + hi + hi 

h[ + 2hl (60 ) 3 + (2)(40) 3 

hi + IF + hi (80) 3 + (60) 3 + (40) 3 1 

= 21.7 mm e = 21.7 mm ◄ 
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PROBLEM 6.77 

A thin-walled beam of uniform thickness has the cross section shown. Determine the 
dimension b for which the shear center O of the cross section is located at the point 
indicated. 


60 mm 



E 


SOLUTION 

Part AB: 


At B, 

By symmetry, 
Part BD: 


By symmetry, 


A(s) = ts y(s) = y A --s 
20) = A(s)y(s) = ty A s - j ts 2 


F20) =Z r 

I I 

r i ab 

f ab= I q(s)ds 

J 0 


1 2 

yAS--s 

V ^ 


Vt f y A^AB l AB ^ 


Qb ~ ty A^AB 


2 AB 


r FG ~ r AB 

A(x) = tx 

20 ) = Qb + y B A ( x ) = Qb + ty B x 


q 0 ) : 


VQ(x) _ V 


0 Qb + tyB x ) 


rb v ( 1 

f bd = I q O) dx = — Q B b + -ty B b 

/ / 


~ Fbd 


Fde is not required, since its moment about O is zero. 


A 



e* 
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PROBLEM 6.78 

A thin-walled beam of uniform thickness has the cross section shown. 
Determine the dimension b for which the shear center O of the cross section 
is located at the point indicated. 


SOLUTION 

Part AB: 


Part 


A - tx v = 5 in. Q = Ay = 5tx 

VQ _ V.5/x _ 5Vx 
It ~ If ~ I 


T = 


JrdA = \q——‘ tdx 


5Vt j*3 , 

L xdx 

I Jo 


(5X3)^^ = 22 . 5 ^ 

2 7 I 

tx y = 4 in. Q 
VQ _ V4tx _ 4Vx 

It ~ It ~ I 

frdA = Jo ~j~ { d- x 

4Vt t a . 

= L xdx 

j JO 

2Vta 2 


Ay = 4 tx 


+)z M 0 = +)ZM 0 : O = (10) 

2 (10X22.5) 


22.5— 

I , 


-( 8 ) 


2 Vta 1 


(8X2) 


14.0625 in 


A czz E22 6 







a = 3.75 in. ^ 
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PROBLEM 6.79 

For the angle shape and loading of Sample Prob. 6 . 6 , check that ^qdz = 0 along the horizontal leg of the angle 
and f q dy = P along its vertical leg. 


SOLUTION 



Refer to Sample Prob. 6 . 6 . 



Along horizontal leg: 

3 P(a - z)(a - 3 z) 3 P , 2 a ~ 

x f = — - = T (a 2 - 4az + 3z 2 ) 

' 4ta 3 4 ta 2 

r c a IP r 2 2 

jqdz = j Tftdz = -^-j J ( a -4az + 3z )dz 



3P f 2 A z 2 z 2 V 
= — — a z -4a h 3 — 

4A 2 3 J 0 

= ^-(a 3 - 2 a 3 +a 3 ) = 0 
4a 3 

◄ 

Along vertical leg: 

3P(a-y)(a + 5y) 3P 2 . , 2 x 

r e = ; a 3 y, = 3 (a 2 + 4ay 5 y 2 ) 

r e fdfy = -^-J (a 2 +4ay-5y 2 )dy 



3Pf 2 . y 2 . / V 

= TT a r + 4a— -5— 

4 a V 2 2 J 0 

3 3 5 3 ) 3P 4 3 p 

= — - a +2a — a = — a =r 

4a 3 ^ 3 ) 4 a 3 3 

◄ 
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PROBLEM 6.80 


For the angle shape and loading of Sample Prob. 6.6, ( a ) determine the points where the shearing stress is 
maximum and the corresponding values of the stress, ( b ) verify that the points obtained are located on the 
neutral axis corresponding to the given loading. 
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PROBLEM 6.81* 

Determine the distribution of the shearing stresses along line D'B' 
in the horizontal leg of the angle shape for the loading shown. The 
x' and y f axes are the principal centroidal axes of the cross 
section. 



SOLUTION 


Coordinate transformation. 


In particular, 


p = 15.8° c; - P cos p Vy = -P sin p 

A(y) = (2a-y)t y=j(2a + y), x=0 


y- -a 


cos/3 - 


1 

x a 

6 


sin p 


x = 


1 l ( 2 

x a cos/?+ y a | sin p 

6 J 3 


7 -v~v 


A (_ 1 

cos P - x a I sin P 


1 


y2 y+ 3 a 


— a I sin P 
6 1 


= 0.481 Uy + 0.36612a 


_ 1 

x a 

6 


cos /3 + 


_ 2 
y ' 


a sin /3 


1 

— a 

6 j 


1 


COS p + 

0.13614^ -0.06961a 


— v + — a 

K 2 y 3 j 


sin P 
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PROBLEM 6.81* (Continued) 
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l x . = 1.428 ta 3 

l y , = 0.1557 to 3 


PROBLEM 6.82* 

For the angle shape and loading of Prob. 6.81, determine the 
distribution of the shearing stresses along line D'A' in the vertical 
leg. 

PROBLEM 6.81* Determine the distribution of the shearing 
stresses along line D'B' in the horizontal leg of the angle shape for 
the loading shown. The x' and y f axes are the principal centroidal 
axes of the cross section. 


SOLUTION 


Coordinate transformation. 


In particular, 


/? = 15.8° V x , = P cos fi 
V x > = -P sin /? A(x) -(a- x)t 

x = + x), v = 0 


y 


x = 


( 

2 


cos/?- 

1 ^ 

y- 

— 

a 

x a 

V 

3 

y 

6 J 

f 

1 


„ 1 

' 2 ) 

x - 

— 

a 

cos /? + 

y- —ci 

V 

6 

J 

1 

V 3 J 


sin/? 


r _ 2 . 
y--a I COS/?- 


— a 


x — —a 
6 

1 1 


sin /? 


cosfi-\ —x + —a sinfi 
2 3 J 


= — 0 .1361 4 jv - 0.73224a 


x = 


_ 1 A ( - 2 

x a cos /? + y a | sin /? 

6 J 3 

1 1 A 

—x + — a 
2 3 y 


cos /? + 1 ~~ a pin/? 


= 0.48 111jc + 0.1 3922a 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


988 


PROBLEM 6.82* (Continued) 



+ | V^Ajxy VyAU)y_ 

ff ~ I'yt h’t 

(P cos y?)(g - x)(Q(0.48 1 1 lx + 0. 1 3922a) 
(0.1557to 3 )(0 

(-P sin yg)(a-jc)(Q(-0.13614jc-0.73224a) 
(1.428to 3 )(0 

_ P(a - x)(3 .00x + 1 .000a) 
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PROBLEM 6.83* 

A steel plate, 160 mm wide and 8 mm thick, is bent to form the channel 
shown. Knowing that the vertical load P acts at a point in the midplane of 
the web of the channel, determine (a) the torque T that would cause the 
channel to twist in the same way that it does under the load P, 
( b ) the maximum shearing stress in the channel caused by the load P. 


SOLUTION 


Use results of Example 6.06 with 6 = 30 mm, /? = 1 00 mm, and t = 8 mm. 
b 30 


2 + 2 + 


100 


: 9.6429 mm = 9.6429 x l(T'm 


3b 1 (3)(30) 


/ = ^ th 2 (6b + h ) = j^ (8X1 00) 2 [(1 6)(30) + 1 00] = 1 .86667 x 1 0 6 mm 4 = 1 .86667 x 1 0“ 6 m 4 


V = 15xl0 3 N 

(a) T = Fe = (15xl0 3 )(9.6429xl0~ 3 ) 


Stress at neutral axis due to V: 


Q — bt — vt 
2 


f-1 

(h\ 

UJ 

v4y 


-th(h + Ab) 


= — (8)(100)[100 + (4)(30)] = 22 x 10 3 mm 3 = 22 x 10“ 6 m 3 
8 

t = 8x10 3 m 

t v =^-= ( 15xlQ X22xlO ) = 22 . 10 xl0 6 Pa = 22.10 MPa 

It (1.86667 xlO' 6 )(8xlO’ 3 ) 


e K 


T = 144.6 N-m ◄ 


= n r= 


V 


r = Ve 


Stress due to T : 


a = 2b + h = 1 60 m m = 0. 1 60 m 


0 

1 

8 1 

1-0.630- 


1- 0.630 — 

a) 

~ 3 

160 


144.64 


Tv ~ 


V Cl at 2 (0.3228)(0. 1 60)(8 x 1 0 -3 ) 2 


0.3228 

= 43.76 xlO 6 Pa = 43.76 MPa 


(b) By superposition, 


r max - T v + T t 


r max = 65.9 MPa ◄ 
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PROBLEM 6.84* 

Solve Prob. 6.83, assuming that a 6-mm-thick plate is bent to form the 
channel shown. 

PROBLEM 6.83* A steel plate, 160 mm wide and 8 mm thick, is bent to 
form the channel shown. Knowing that the vertical load P acts at a point in 
the midplane of the web of the channel, determine (a) the torque T that 
would cause the channel to twist in the same way that it does under the 
load P, (b) the maximum shearing stress in the channel caused by the load P. 


SOLUTION 


Use results of Example 6.06 with b = 30 mm, h = 100 mm, and t = 6 mm. 
b 30 


: 9.6429 mm = 9.6429 x 10“ 3 m 


I = 3-th 2 (6b + h) = ^ : (6X1 00) 2 [(6X30) + 1 00] = 1 .400 x 1 0 6 mm 4 = 1 .400 x 1 0“ 6 m 4 


2 + — 2 + 100 

^ T 3b ^ T (3X30) 

12 


V = 15xl0 3 N 

(a) T = Fe = (15xl0 3 )(9.6429xl0^ 3 ) 
Stress at neutral axis due to V: 


Q — bt — 1 1 
2 


f-1 

f-1 

UJ 



1 


= -th(h + Ab) 

-(6X1 00) [100 + (4X30)] = 16.5 x 10 3 mm 3 = 16.5 x 10“ 6 m 


o 


t = 6x10 3 m 

t v = — = (15xl ° ^ 16 ' 5xl ° ) = 29.46 x 1 0 6 Pa = 29.46 MPa 


It (l^OOxlO^XexlO -0 ) 


-v-6 \ 


V 


Stress due to T : 


■I 


a = 2b + h = l60 mm = 0. 1 60 m 


1 

( t) 

1 


f 6 V 

c \ =~ 

1-0.630- 


1 - (0.630) 

ll6oJ_ 

3 

l a) 

~ 3 


144.64 


r = 144.6 N-m ◄ 


0 

T-Ve 


F c^t 2 (0.32546)(0.160)(6xl0 3 ) 2 


= 0.32546 


77.16xlO b Pa = 77.16 MPa 


( b ) By superposition, 


r max ~ T V + T T 


r max = 106.6 MPa ◄ 
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PROBLEM 6.85* 

The cantilever beam AB , consisting of half of a thin- 
walled pipe of 1.25-in. mean radius and |-in. wall 
thickness, is subjected to a 500-lb vertical load. 
Knowing that the line of action of the load passes 
through the centroid C of the cross section of the 
beam, determine (a) the equivalent force-couple 
system at the shear center of the cross section, 
(. b ) the maximum shearing stress in the beam. (Hint: 
The shear center O of this cross section was shown 
in Prob. 6.74 to be located twice as far from its 
vertical diameter as its centroid C.) 
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PROBLEM 6.85* (Continued) 


(b) Shearing stresses . 


( 1 ) 


( 2 ) 


Due to V : r,- 


VQn 


It 


(. P)(a 2 t ) _ 2 P 


(2X500) 


Ly ~ r _ \ 

3 

-at 


(0 


Tra? ^-(1.25)(0.375) 


: 679 psi 


.2 , 

Due to the torque M 0 : 

For a long rectangular section of length / and width t, the shearing stress due to torque M 0 is 


r = ^L 
M cjt 2 


where q = ^-| l-0.630y 


Data: 


/ = 7i a = tt( 1 .25) = 3.927 in. t = 0.375 in. q =0.31328 
397.9 


M (0.31328)(3.927)(0.375) 2 


= 2300 psi 


By superposition, 


t = t v +t m = 679 psi + 2300 psi 


r = 2980 psi A 
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PROBLEM 6.86* 

Solve Prob. 6.85, assuming that the thickness of the 
beam is reduced to j in. 

PROBLEM 6.85* The cantilever beam AB , consisting 
of half of a thin-walled pipe of 1.25-in. mean radius 
and | -in. wall thickness, is subjected to a 500-lb 
vertical load. Knowing that the line of action of the 
load passes through the centroid C of the cross section 
of the beam, determine (a) the equivalent force-couple 
system at the shear center of the cross section, ( b ) the 
maximum shearing stress in the beam. {Hint: The 
shear center O of this cross section was shown in 
Prob. 6.74 to be located twice as far from its vertical 
diameter as its centroid C.) 
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PROBLEM 6.86* (Continued) 


( b ) Shearing stresses . 


(1) Due to V, t v 


VQn 


It 


(. P)(a 2 t ) _ 2 P 


(2X500) 


TC 7 , x 

— a t(t ) 
2 


/raf ^(1.25)(0.250) 


= 1019 psi 


(2) Due to the torque M 0 : 

For a long rectangular section of length / and width t, the shearing stress due to torque M 0 is 


t m =- tt where C 1 =7 
cjt 3 


f 


1-0.630- 

l 


Data: 


/ = 7ta = ^(1.25) = 3.927 in. t = 0.250 in. c x =0.31996 

397.9 enrn . 

t m = = 5067 psi 

(0.31996)(3.927)(0.250) 2 


By superposition, r = t v + t m = 1019 psi + 5067 psi 


t = 6090 psi M 
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(a) 



(i b ) 


PROBLEM 6.87* 

The cantilever beam shown consists of a 
Z shape of —in. thickness. For the given 
loading, determine the distribution of the 
shearing stresses along line A'B f in the 
upper horizontal leg of the Z shape. The x' 
and y f axes are the principal centroidal axes 
of the cross section and the corresponding 
moments of inertia are I x > =166.3 in 4 and 
I y =13.61 in 4 . 
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(a) 


PROBLEM 6.88* 



(b) 


For the cantilever beam and loading of 
Prob. 6.87, determine the distribution of the 
shearing stress along line B'D ' in the 
vertical web of the Z shape. 

PROBLEM 6.87* The cantilever beam 
shown consists of a Z shape of ^-in. 
thickness. For the given loading, determine 
the distribution of the shearing stresses 
along line A'B' in the upper horizontal leg 
of the Z shape. The x' and y' axes are the 
principal centroidal axes of the cross section 
and the corresponding moments of inertia 
are I x , =166.3 in 4 and I y , =13.61 in 4 . 


SOLUTION 


For part AB\ 


For part B'Y, 


Due to V x >: 


V = 3 kips p = 22.5° 

V x , = V sin p V y = V cos p 

1 


-|(6) = 1.5 in 


x =-3 in., y = 6 in. 

A = 3(6-y) 

x = 0 y=^(6 + y) 

x r = x cos P + y sin P 
y r = y cos p - x sin p 

„ _ K'(^ab x ab + ^by x by) 

M — 

V 



(V sin P)[( 1 .5)(-3 cos p + 6 sin P) + j (6 - y) j (6 + y) sin p\ 
(13.61)(i) 

(V sin /?)[-0.7133 + 1.7221 - 0.047835/] 


3.4025 


= 0.3404-0.01614/ 
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PROBLEM 6.89 

Three boards are nailed together to form a beam shown, which is 
subjected to a vertical shear. Knowing that the spacing between the 
nails is s = 75 mm and that the allowable shearing force in each nail is 
400 N, determine the allowable shear when w = 120 mm. 


SOLUTION 


Part 

.4 (mm 2 ) 

d (mm) 

Ad 2 ( 10 6 mm 4 ) 

7(1 0 6 mm 4 ) 

Top Plank 

7200 

60 

25.92 

2.16 

Middle Plank 

12,000 

0 

0 

3.60 

Bottom Plank 

7200 

60 

25.92 

2.16 

i 



51.84 

7.92 



I =£Ad 2 + S/ = 59.76 x 10 6 mm 4 = 59.76 x 10" 6 m 4 
Q = (7200)(60) = 432 x 10 3 mm 3 = 432 x 10“ 6 m 3 


VQ 

I 

^nail = V 


^nail 

v 

IF ™\ 


Q 

Qs 


(59.76 x 10~ 6 )(400) 
(432 x 10 -6 )(75 x 10" 3 ) 


F = 738N ◄ 
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80 


100 


80 



PROBLEM 6.90 

For the beam and loading shown, consider section 
n-n and determine (a) the largest shearing stress in 
that section, ( b ) the shearing stress at point a. 


SOLUTION 


At section n-n , V - 80 kN 

Consider cross section as composed of rectangles of types ®, ©, and ®. 

I x = ^(12)(80) 3 + (12)(80)(90) 2 = 8.288 x 10 6 mm 4 

I 2 = _L(180)(16) 3 + (180)(16)(42) 2 = 5.14176 x 10 6 mm 4 

7 3 = y^-(l 6)(68) 3 = 419.24 x 10 3 mm 4 

7 = 4^+ 2I 2 + 27 3 = 44.274 x 10 6 mm 4 
= 44.274 x 10“ 6 m 4 


Ifeo kttf 


So kW 


So kw 



(a) 


(b) 


Calculate Q at neutral axis. 


Q = (12)(80)(90) = 86.4 x 10 3 mm 4 
Q 2 = (180)(16)(42) = 120.96 x 10 3 mm 4 
Q 3 = (16X34X17) = 9.248 x 10 3 mm 4 

Q = 2Qi + Q 2 + 2Q 3 = 312.256 x 10 3 mm 3 = 312.256 x 10“ 6 m 3 

r = ^ = (80 xlQ 3 )(3 12.256 x 10-*) = 17 63 xl()6pa 

It (44.274 x 10“ 6 )(2 x 16 x 10“ 3 ) 



t = 17.63 MPa ◄ 


At point a , 


Q = Q x = 86.4 x 10 3 mm 4 = 86.4 x 10" 6 m 4 

r = (80 x 10 3 )(86.4 x 10~ 6 ) = 13 . 01 x 1Q 6 Pa 

It (44.274 x 10 _6 )(12 x 10“ 3 ) 


t = 13.01 MPa ◄ 
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PROBLEM 6.91 

For the wide-flange beam with the loading shown, determine the 
largest load P that can be applied, knowing that the maximum 
normal stress is 24 ksi and the largest shearing stress using the 
approximation r m = V/A weh is 14.5 ksi. 
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PROBLEM 6.92 

For the beam and loading shown, consider 
section n-n and determine the shearing stress 
at (< a ) point a , (b) point b. 


SOLUTION 


v cm 




-I* 


nt& 


© 


JL 








Cl) 


Draw shear diagram. 
Determine section properties. 


R A = R B = 12 kips 
V = 12 kips 


-x 


Part 

A in 2 ) 

v(in.) 

Ay (in 3 ) 

d( in.) 

Ad 2 ( in 4 ) 

/(in 4 ) 

® 

4 

4 

16 

2 

16 

5.333 

© 

8 

1 

8 

-1 

8 

2.667 

Z 

12 


24 


24 

8.000 



Y 

_ lAy _ 24 

■ = 2 in. 




(a) 


(*) 


2L4 12 

/ = H4J 2 + ll = 32 in 4 

.4 = 1 in 2 y = 3.5 in. Q a = Ay = 3.5 in 3 
t = 1 in. 

r _ VQg _ (12)(3.5) 

° It (32X1) 

zl = 2 in 2 v = 3 in. Q h = Ay = 6 in 3 
£ = 1 in. 


r = 1.313 ksi^ 


n = 


_ VQ b _ (12)(6) 
It (32)0) 


r h = 2.25 ksi ^ 
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PROBLEM 6.93 

The built-up timber beam is subjected to a 1500-lb vertical shear. Knowing 
that the longitudinal spacing of the nails is s = 2.5 in. and that each nail is 
3.5 in. long, determine the shearing force in each nail. 


SOLUTION 


A = y~(2)(4) 3 + (2)(4)(3) 2 
= 82.6667 in 4 


h = ^( 2 X 6 ) 3 = 36 in 4 

I = 2/j + 2/ 2 

= 237.333 in 4 

Q = Ay i = (2)(4)(3) = 24 in 3 
rg (1500X24) 

9 I 


2F. 


nail 




237.333 

^iiail = 1 


151.685 lb/in. 


- 


j |(151.685)(2.5) 



Aiai i = 189.6 lb 


◄ 
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40 mm — ► 
b 

_L, 

6 mm — 

mm 


« 

< > 

» 

< 

4 mm 

6 mm 
14 mm 

ri_L 

» 1 4 mm 




20 mm 28 mm 20 mm 


PROBLEM 6.94 

Knowing that a given vertical shear V causes a maximum shearing 
stress of 75 MPa in the hat- shaped extrusion shown, determine the 
corresponding shearing stress at (a) point a , ( b ) point b. 


SOLUTION 


At 



(a) 

r = &• 

t c 

■ — T 

_ 1568 

6 

° Qc 

t a c 

~~ 4260 

4 

(b) 

T -&■ 

A, 

_ 1568 

6 

Qc 

h c 

~ 4260 

4 


Neutral axis lies 30 mm above bottom. 
, _VQ C , _VQ a ~ _VQ b 


la 

r„ 


It 

QJc 

Qja 


I L 


It, 


II 

r„ 


Osh 

Qjb 


Q C = (6X30X15) + (14X4X28) = 4260 mm 
t c =6 mm 

Q a =(14X4X28) =1568 mm 3 


3 


t a =4 mm 

Q b = (14)(4)(28) = 1568 mm 3 
t b =4 mm 

t c = 75 MPa 


r a =41.4 MPa ◄ 
r b =41.4 MPa ◄ 
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100 mm 

125 mm / 125 mm 


PROBLEM 6.95 



Three planks are connected as shown by bolts of 14- mm diameter 
spaced every 150 mm along the longitudinal axis of the beam. For a 
vertical shear of 10 kN, determine the average shearing stress in the 
bolts. 


SOLUTION 


Locate neutral axis and compute moment of inertia. 


Part 

4(mm 2 ) 

j(mm) 

Ay{ mm 3 ) 

d(mm) 

Ad 2 ( mm 4 ) 

7(mm 4 ) 

® 

12,500 

200 

2.5 x 10 6 

37.5 

17.5781 x 10 6 

10.4167 xlO 6 

© 

25,000 

125 

3.125 xlO 6 

37.5 

35.156 x 10 6 

130.208 x 10 6 

© 

12,500 

200 

2.5 x 10 6 

37.5 

17.5781 xlO 6 

10.4167 x 10 6 

i 

50,000 


8.125 xlO 6 


70.312 xlO 6 

151.041 xlO 6 


Y 

I 


Q 


q 


■^bolt 

^bolt 

^"bolt 


lAy 

1A 


8.125 x IQ 6 
50 x 10 3 


= 162.5 mm 


I Ad 2 + 1,1 = 221.35 x 10 6 mm 4 
= 221.35 x 10“ 6 m 4 


© 


® 









Y 






A{y x = (12,500)(37.5) = 468.75 x 10 3 mm 3 
= 468.75 x 10“ 6 m 3 


VQ _ (10 x 10 3 )(468.75 x 10“ 6 ) 


/> 

yW- 


I 221.35 x10“ 

21.177 x 10 3 N/m 


7 . 0 ° 

L 


r ~r 

16 ^ 5 - 


qs = (21.177 x 10 j )(150 x 10“ 3 ) = 3.1765 x 10 J N 


71 


—(14 Y = 153.938 mm z = 153.938 x 10“ 6 m 2 
4 


F bolt _ 3.1765 xlQ 3 


u bolt 


153.938 x 10“ 


20.6 x 10° Pa 


r bolt = 20.6 MPa -4 
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PROBLEM 6.96 

Three lxl 8-in. steel plates are bolted to four L6 x 6 x 1 angles to form a beam 
with the cross section shown. The bolts have a ^--in. diameter and are spaced 
longitudinally every 5 in. Knowing that the allowable average shearing stress in 
the bolts is 12 ksi, determine the largest permissible vertical shear in the beam. 
(< Given:I x = 6123 in 4 .) 


18 in. 


SOLUTION 


Flange: 

If = ~(1 8)(1) 3 + (18)(1)(9.5) 2 = 1626 in 4 
12 

Web: 

K = ^(l)(18) 3 = 486 in 4 

Angle: 

7 = 35.5 in 4 , ^4 = 1 1.0 in 2 
y = 1.86 in. d = 9-1 .86 = 7.14 in. 
I a =T + Ad 2 = 596.18 in 4 


/ = 21 f + I w + 4 I a = 6123 in 4 , which agrees with the given value. 



X 

Flange: Q f = (18)(1)(9.5) = 171 in 3 


Angle: 


Q a = Ad = (1 1.0)(7.14) = 78.54 in 3 
Q = Q f + 2Q a = 328.08 in 3 


A -- 
Ao\t ~ 4 


, 7 V 


= 0.60132 in 2 


F hn » = 2r boh A holt = (2X12)(0.60132) = 14.4317 kips 
F bolt _ 14.4317 


bolt 

^all 


2.8863 kip/s 


VQ y _ M / _ (2.8863)(6123) 
/ a11 Q 328.08 


V M = 53.9 kips ◄ 
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PROBLEM 6.97 

The composite beam shown is made by welding C 200x1 7.1 rolled-steel channels to the 
mm flanges of a W250x80 wide-flange rolled-steel shape. Knowing that the beam is 
subjected to a vertical shear of 200 kN, determine (a) the horizontal shearing force per 
meter at each weld, ( b ) the shearing stress at point a of the flange of the wide-flange 
shape. 


SOLUTION 


For W250 x 80, d = 257 mm, t f = 15.6 mm, I x = 126 x 10 6 mm 4 
ForC200 x 17.1, A = 2170 mm 2 , bj- = 57.4 mm, tf = 9.91 mm 
I y = 0.545 x 10 6 mm 4 , x = 14.5 mm 
For the channel in the composite beam, 

257 

y = + 57.4 - 14.5 = 171.4 mm 

2 


For the composite beam, 

i I-jr / = 126 x 10 6 -i- 2 T 0.545 x 10 6 + (2170)(171.4) 2 ] 

L = 254.59 x 10 6 mm 4 = 254.59 x 10“ 6 m 4 

(a) For the two welds, 

Q w = Ay c = (2170) (171.4)= 371.94 x 10 3 mm 3 = 371.94 x 10“ 6 m 3 


J&L 


cc 


W* >J 


k 




ll3 fVIIVk 


5T 


1“ 


q = 


vq 

i 


(200 xlO 3 ) (371.94 xlQ~ 6 ) 
254.59 x 10“ 6 


= 292.2 x 10 3 N/m 


For one weld, 


^ = 146.1 xlO 3 N/m 
2 ' 


Shearing force per meter of weld: 


146.1 kN/m A 


(b) For cuts at a and a ’ together, 

| r a 

A a = 2(112X15.6) = 3494.4 mm 2 y a = — — = 120.7 mm 

Q a = 371.94 x 10 3 + (3494.4)(120.7) = 793.71 x 10 3 mm 3 = 793.71 x 10" 6 m 3 


Since there are cuts at a and a\ t = 2tf = (2)(15.6) = 31.2 mm = 0.0312 m. 


^ = (200 x 10 3 )(793.71 x 10~ 6 ) = 19 99 x ^ p& 
It (254.59 x 10 6 )(0.03 12) 


r a = 19.99 MPa ◄ 
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0.5 in. 


T ' 

2.5 in. 7 ' 
h 

4 » t 

— it 


1 

» 0.5 in. 

1 

2.5 in. 
1 


— 1 1 


' 7 

4.5 in. 

! in. 

4.5 in. 

0.5 


PROBLEM 6.98 

The design of a beam requires welding four horizontal plates to a 
vertical 0.5 x 5-in. plate as shown. For a vertical shear V, 
determine the dimension h for which the shear flow through the 
welded surface is maximum. 


SOLUTION 



Horizontal plate: 

=^(4.5)(0.5)N(4.5)(0.5)/* 2 



= 0.046875 + 2.25 h 2 


Vertical plate: 

I v = ^(0.5)(5) 3 =5.2083 in 4 


Whole section: 

I = 41 h +I V = 9 h 2 + 5.39583 in 4 


For one horizontal plate, 

Q = (4.5)(0.5)/z = 2.25 h in 3 



_ VQ _ 2.25Vh 



q ~ I ~ 9h 2 +5.39583 


To maximize q , set 

O 

II 



, (9^+5.39583) -18^ 2 

(9h 2 + 5.39583) 2 

h = 0.774 in. ◄ 
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D 


60 mm 


60 mm 


J G 


45 mm 


O 


*_L 


30 mm 


PROBLEM 6.99 

A thin-walled beam of uniform thickness has the cross section shown. Determine 
the dimension b for which the shear center O of the cross section is located at the 
point indicated. 


45 mm 


SOLUTION 


Part AB\ 


Part DE\ 


* e 


1 


fjS- 


A 

Q 

T 


tx y = 60 mm 
Ay = 60 tx mm 3 
VQ _ 60Vx 
It ~ I 




30 60 Vx 7 60 Vt r 30 

— t ax = - 


60 Vt x z 


30 


f J 

xdx 

Jo 


(60)(30) 2 YL = 21 x\Qr’ — 


A = tx y = 45 mm 
Q = Ay = 4 5tx 
VQ _ 45Vx 
It ~ I 


T = 


45b vt 


Z7 f JA [ b ^ Vx , 45 Vt rb r 

Fry = t a A = I tax = \„xdx 

z j w j j w 2 / 

+)ZA/ 0 =+)ZM 0 : 0 = (2)(45)F 2 - (2)(60)F, 

Vt 


[(45) 2 Z> 2 - (2X60X27 x 10 3 )]— = 0 


y (2)(60)(27 x 1 0 ) 2 

45 2 


= 1600 mm 


s &Z£ID 


8 


X) 




4 xb 


b - 40 mm ^ 


Note that the pair of F x forces form a couple. Likewise, the pair of F 2 forces form a couple. The lines of 
action of the forces in BDOGK pass through point O. 
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B 



PROBLEM 6.100 

Determine the location of the shear center O of a thin-walled beam of 
uniform thickness having the cross section shown. 


SOLUTION 


Part AB : 


' AB “ 3 


f i v 


v4y 


(1.5) 3 =0.28125 in 4 


^bd ~ 3 i n - A bd — (3) 


- | = 0.75 in 2 

v4. 


I BD =\A BD h 2 = X -{Q.15){\.5) 2 =0.5625 in 4 
/ = (2)(0.28 1 25) + (2X0-5625) = 1 .6875 in 4 

A = 4 y y = 2 y Q = Ay = s y 

_ v_Q vi 

It (8)(1.6875)(0.25) 3.375 




Vy 2 


0 3.375 


(0.25 dy) 


(0.25)V y 3 


15 (0.25)(1.5) 3 


3.375 3 0 (3.375)(3) 

= 0.083333k 

+)M d = +)M d : Ve = 2F t (3 sin 60°) 

Ve = (2)(0.083333)F(3 sin 60°) 

e = (2)(0.083333)(3 sin 60°) 




e = 0.433 in. ◄ 
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PROBLEM 6. Cl 



A timber beam is to be designed to support a distributed load and 
up to two concentrated loads as shown. One of the dimensions of 
its uniform rectangular cross section has been specified and the 
other is to be determined so that the maximum normal stress and 
the maximum shearing stress in the beam will not exceed given 
allowable values cr all and r all . Measuring x from end A and using 
either SI or U.S. customary units, write a computer program to 
calculate for successive cross sections, from x = 0tox = Zand 
using given increments Ax, the shear, the bending moment, and 
the smallest value of the unknown dimension that satisfies in that 
section (1) the allowable normal stress requirement and (2) the 
allowable shearing stress requirement. Use this program to solve 
Prob. 5.65, assuming cr all = 12 MPa and r all = 825 kPa and using 
Ax = 0.1 m. 


SOLUTION 


See solution of Prob. 5.C2 for the determination of R A , R B , F(x), and M(x) 

We recall that 

V(x) = R a STP^ + R b STP B - P x STP1 - P 2 STP2 
-w(x - x 3 ) STP3 + w(x - x 4 ) STP4 
M(x) = R a (x — a) STP^ + R b (x - a - L) STP B -P x {x-x x ) STP1 

-P 2 (x - x 2 ) STP2 - -t w(x -x 3 ) 2 STP3 + ^ w(x - x 4 ) 2 STP4 

where STP.4, STP B, STP1, STP2, STP3, and STP4 are step functions defined in Problem 5.C2. 
(1) To satisfy the allowable normal stress requirement: If unknown dimension is h \ 


From 

If unknown dimension is t : 
From 


^min “ I^V^alT 

S -—th 2 , we have h a - h- \ [6SJt 
6 


^min =I M I /Cr all* 

S = —th 2 , we have t =t = 6S/h 2 


(2) To satisfy the allowable shearing stress requirement : 

2 A 2 th 

3\V\ 


We use Equation (6.10), Page 378: r max = - 

If unknown dimension is h\ K = h=- 


If unknown dimension is t\ 


t=t- 


2 ^ a „ 

3M 


2 hr. 


all 
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PROBLEM 6.C1 (Continued) 


Program Outputs 

Problem 5.65 


R a = 2.40 kN 
R b = 3.00kN 


X 

m 

V 

kN 

M 

kN-m 

HSIG 

mm 

HTAU 

mm 

0.00 

2.40 

0.000 

0.00 

109.09 

0.10 

2.40 

0.240 

54.77 

109.09 

0.20 

2.40 

0.480 

77.46 

109.09 

0.30 

2.40 

0.720 

94.87 

109.09 

0.40 

2.40 

0.960 

109.54 

109.09 

0.50 

2.40 

1.200 

122.47 

109.09 

0.60 

2.40 

1.440 

134.16 

109.09 

0.70 

2.40 

1.680 

144.91 

109.09 

0.80 

0.60 

1.920 

154.92 

27.27 

0.90 

0.60 

1.980 

157.32 

27.27 

1.00 

0.60 

2.040 

159.69 

27.27 

1.10 

0.60 

2.100 

162.02 

27.27 

1.20 

0.60 

2.160 

164.32 

27.27 

1.30 

0.60 

2.220 

166.58 

27.27 

1.40 

0.60 

2.280 

168.82 

27.27 

1.50 

0.60 

2.340 

171.03 

27.27 

1.60 

-3.00 

2.400 

173.21 

136.36 

1.70 

-3.00 

2.100 

162.02 

136.36 

1.80 

-3.00 

1.800 

150.00 

136.36 

1.90 

-3.00 

1.500 

136.93 

136.36 

2.00 

-3.00 

1.200 

122.47 

136.36 

2.10 

-3.00 

0.900 

106.07 

136.36 

2.20 

-3.00 

0.600 

86.60 

136.36 

2.30 

-3.00 

0.300 

61.24 

136.36 

2.40 

0.00 

0.000 

0.05 

0.00 


The smallest allowable value of h is the largest of the values shown in the last two columns. 

For Problem 5.65, h = h a = 173.2 mm A 
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PROBLEM 6.C2 

A cantilever timber beam AB of length L and of uniform rectangular 
section shown supports a concentrated load P at its free end and a 
uniformly distributed load w along its entire length. Write a 
computer program to determine the length L and the width b of the 
beam for which both the maximum normal stress and the maximum 
shearing stress in the beam reach their largest allowable values. 
Assuming cr all =1.8ksi and r all = 120 psi, use this program to 
determine the dimensions L and b when (a)P = 1000 lb and w= 0, 
(b) P = 0 and w = 12.5 lb/in., (c) P = 500 lb and w = 12.5 lb/in. 


SOLUTION 


Both the maximum shear and the maximum bending moment occur at A. We have 

V A - P + wL 

M , =PL + -wL 2 
2 


To satisfy the allowable normal stress requirement : 


M A 


M , 


-'all 


iw 2 


32 a. 


all 


1/3 


3 Ma 
32b 3 


To satisfy the allowable shearing stress requirement : 
We use Equation (6.10), Page 378. 


3V 3 V, 


3V A 


r all “ " 


2 A 2 b(%b) 16b 2 

1 1/2 


16 T, 


A 


all 


Program 

For L = 0, V A =P and b T > 0, while M A = 0 and b G = 0. 

Starting with L = 0 and using increments A L = 0.001 in., we increase L until b a and b T become equal. We 
then Print L and b. 
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hj~ 

\^ K ^\ 

PROBLEM 6.C3 

■ A beam having the cross section shown is subjected to a vertical 

cnpcir \/ W/tM tp o r'AmmifAr nmorram In of fnr IrvciHc and nimpneiAtic 




h 2 



Ol 1 w Cl I V . V V 1 1 CV^ U. V^V /1 1 ip Li L\^l pi v/cp U 1 1 1 11 llll, 1 V 71 1 V 7 UUO Cl 1 1 uimvimiuiio 

vf L expressed in either SI or U.S. customary units, can be used to 

V 





calculate the shearing stress along the line between any two 
adjacent rectangular areas forming the cross section. Use this 
program to solve (a) Prob. 6.10, (b) Prob. 6.12, (c) Prob. 6.22. 


\r*~ ^2 -A 
- — h — * 


SOLUTION 


1 . 

2 . 

3. 

4. 


5. 


6 . 


7. 


Enter V and the number n of rectangles. 

For i = 1 to n, enter the dimensions b i and h t . 

Determine the area A t = b l h i of each rectangle. 

Determine the elevation of the centroid of each rectangle: 

i 

yi=Y, h k ~°- 5h ‘ 

k = 1 


and the elevation y of the centroid of the entire section: 

f \ If \ 


y = 





V i Jl V i J 

Determine the centroidal moment of inertia of the entire section: 


1 = 



+ A i (y i -y ) 1 


For each surface separating two rectangles i and i + 1, determine Q i of the area below that surface: 


Q='Z= A k(yk-y) 

k = 1 

Select for the smaller of b t and b i + i- 

The shearing stress on the surface between the rectangles i and / + 1 is 
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PROBLEM 6.C3 (Continued) 


Program Outputs 

Problem 6.10 

Shearing force = 10 kN 

Between Elements 1 and 2: 

Between Elements 2 and 3: 

Between Elements 3 and 4: 

Between Elements 4 and 5: 

Problem 6.12 

Shearing force =10 kips 

Between Elements 1 and 2: 
Between Elements 2 and 3: 
Between Elements 3 and 4: 


y = 75.000 mm above base 
I = 39.580 xlO -6 mm 4 

t = 418.39 kPA 

t = 919.78 kPA 

t = 765.03 kPA 

t = 418.39 kPA 


i Ct i T 



7 

® c 

V 

© 


i m it 


k 2 OOmrv. >j 


IZi 

20 

35 “ 

63- 

I2n 


◄ (< 
◄ (Z 


y - 2.000 in. 
7 = 14.58 in 4 

t = 2.400 ksi 

t = 3.171 ksi 

r = 2.400 ksi 


4 m. *1 



0.C • 
1-5". 


1,5* k 
OS iv 


◄ ( £ 

◄ (/ 
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PROBLEM 6.C3 (Continued) 


Program Outputs ( Continued ) 

Problem 6.22 

Shearing force = 90 kN 


Between Elements 1 and 2: 


Between Elements 2 and 3: 


y = 65.000 mm 
/ = 58.133 xlO -6 mm 4 




H 


20 i**) 

S~0 m 

30 nwi 


t = 23.222 MPA 
t = 30.963 MPA 


◄ (b) 

◄ (a) 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1017 






PROBLEM 6.C4 

A plate of uniform thickness t is bent as shown into a shape 
with a vertical plane of symmetry and is then used as a beam. 
Write a computer program that, for loads and dimensions 
expressed in either SI or U.S. customary units, can be used to 
determine the distribution of shearing stresses caused by a 
vertical shear V. Use this program {a) to solve Prob. 6.47, ( b ) to 
find the shearing stress at a Point E for the shape and load of 
Prob. 6.50, assuming a thickness t = j in. 


SOLUTION 


For each element on the right-hand side, we compute (for / = 1 to n ): 
Length of element = L t = ^(.r, -x, +l ) 2 +(v, - v, +l f 
Area of element = A t = tL t 

where t = — in. 

4 

Distance from v axis to centroid of element = y t — (y ■ + y i+l ) 
Distance from v axis to centroid of section: 

y = {ZA i y i )/z4 


Note that y n - 0 and that x n+l - y n+l = 0. 

Moment of inertia of section about centroidal axis: 


l=TLA t -(y.-y M f + (y.-yf 


Computation of Q at Point P where stress is desired : 

Q = Y<A i (y i - y) where sum extends to the areas located between one end of section and Point P. 
Shearing stress at P : 


T 


VQ 

It 


Note : r max occurs on neutral axis, i.e., for y P = y. 
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PROBLEM 6.C4 (Continued) 


Program Outputs 

Part (a): 

7 = 0.5333 in 4 

r max = 2 - 02 ksi 

t b =1.800 ksi 

Part (b): 

I = 22.27 in 4 
t e = 194.0 psi 
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PROBLEM 6.C5 

The cross section of an extruded beam is symmetric with respect to 
the x axis and consists of several straight segments as shown. Write 
a computer program that, for loads and dimensions expressed in 
either SI or U.S. customary units, can be used to determine (a) the 
location of the shear center O, ( b ) the distribution of shearing 
stresses caused by a vertical force applied at O. Use this program to 
solve Prob. 6.70. 



) 


SOLUTION 


Since section is symmetric with v axis, computations will be 
done for top half. 

For / = 1 to n + 1 : (Note: n + 1 is the origin) 

Enter x i9 y t 

Compute length of each segment . 

For i = 1 to n: 


4 v t =y i+ 1 -y t 

L = (Axf+Ayf) V2 


Calculate moment of inertia I x . 


Consider each segment as made of 100 equal parts . 


For / = 1 to n : 

A Area = Z-/-/100 
For j = 1 to 100: 

>’ = J,+Av,O'-0.5)/100 
A I = (AArea)y 2 
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PROBLEM 6.C5 (Continued) 



Since only top half was used, 

^=2/ t 

Calculate shearing stress at ends of segments and shear forces in segments. 
For i = 1 to n : 

A Area = Ly/1 00, r new = r next 

Fory =1 to 100: 

}’ = V, + Ay, ( / - 0.5)/l 00 
A£> = (AArea)j; 

r old= r new> 2 = C + Ag 
^new = 

fiive d-5( r 0 | d + ^" new ) 


Force i = r (AArea) 

h=VQU x h 

(^adjacent )/ — ^QH x^i+l 

Qi=Q 

Ci ext — (^adjacent)/ 


Location of shear center . 

Calculate moment of shear forces about origin. 
For L = 1 to n, 

(F x )i = Force; (Ax- )/Z- 
)/ “ Force z (Ay t )/L t 
Moment; =~{F x ) i y L +(F y ) i x i 
Moment = Moment + Moment; 

For whole section, moment = 2(moment), 
Shear center is at e = Moment/ V 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1021 




PROBLEM 6.C5 (Continued) 


Program Output 

Problem 6.70 


T(K) mm 

X(K) mm 

Y(K) mm 

L(K) mm 

i 

6.00 

60.62 

0.00 

70.00 

2 

6.00 

0.00 

35.00 

35.00 

3 

6.00 

0.00 

0.00 


Moment of inertia: I x = 

514487 mm 4 

Shear = 1000.000 N 



Junction of 

Q 

Tau Before 

Tau After 

Force in 

Segments 

mm 3 

MPa 

MPa 

Segment kN 

1 and 2 

7350.00 

2.38 

2.38 

335.01 

2 and 3 

11,025.00 

3.57 

3.57 

666.27 


Moment of shear forces about origin: M = 20.309 N • m + counterclockwise 
Distance from origin to shear center: e = 20.309 mm 
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SOLUTION 


Distribution of shearing stresses in element i . 

Let V = Shear in cross section 

/ = Centroidal moment of inertia of section 
We have for shaded area 


Force exerted on element i. 


Q = Ay = t i (a i — y) 


di+y 


-/) 

QV V . 2 2^ 

t = = — (af -y ) 

It : 21 ' 


= f ' T (¥y) 

J -a i 

-?j:v-s)+ 


Y!< 

21 

Yh 

i 

Yk 

i 


3 1 3 

di ~~d: | = 


2V_ 
3 / 


-t:d. 



£ N 

f*T 


r 

d 

1 

Of. 
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PROBLEM 6.C6 (Continued) 


The system of the forces 


Divide (2) by (1): 

Program Output 

Problem 6.75 
For Element 1: 

For Element 2: 

Answer: 


\ must be equivalent to V at shear center. 
ZF = EF : 


-—I t : a] = V 


e = - 






3 I 


YM a =ZM a : 


2 V 


3 I 


'Lt i a-b i = eV 


( 

C 





1 ~b 

i N 

r — 1 



V 


< e-M 


t = 0.75 in., a = 4 in., b = 0 

/ = 0.75 in., a = 3 in., 6 = 8 in. 
e = 237 in. 
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CHAPTER 7 







PROBLEM 7.1 

For the given state of stress, determine the normal and shearing stresses exerted 
on the oblique face of the shaded triangular element shown. Use a method of 
analysis based on the equilibrium of that element, as was done in the derivations 
of Sec. 7.1 A. 


SOLUTION 




A &>n2o° 
A 



+/ YF — 0: a A - 8^4 cos 20° cos 20° - 3^4 cos 20° sin 20° - 3 A sin 20° cos 20° - 4 A sin 20° sin 20° = 0 

<j = 8 cos 2 20° + 3 cos 20° sin 20° + 3 sin 20° cos 20° + 4 sin 2 20° = 0 

a = 9.46 ksi A 

+\XF = 0: tA + 8^4 cos 20° sin 20° - 3^4 cos 20° cos 20° + 3^4 sin 20° sin 20° - 4 A sin 20° cos 20° = 0 

r = -8 cos 20° sin 20° + 3(cos 2 20° - sin 2 20°) + 4 sin 20° cos 20° 

r = 1.013 ksi A 
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60 MPa PROBLEM 7.2 


For the given state of stress, determine the normal and shearing stresses exerted on 
the oblique face of the shaded triangular element shown. Use a method of analysis 
based on the equilibrium of that element, as was done in the derivations of Sec. 7.1 A. 

90 MPa 
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lOksi 



PROBLEM 7.3 

For the given state of stress, determine the normal and shearing stresses 
exerted on the oblique face of the shaded triangular element shown. Use a 
method of analysis based on the equilibrium of that element, as was done in 
the derivations of Sec. 7.1 A. 
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* 80 MPa 

PROBLEM 7.4 




For the given state of stress, determine the normal and shearing stresses exerted 
on the oblique face of the shaded triangular element shown. Use a method of 




40 MPa 


55 7 


analysis based on the equilibrium of that element, as was done in the derivations 
of Sec. 7.1A. 
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PROBLEM 7.5 

For the given state of stress, determine (< a ) the principal planes, ( b ) the principal 
stresses. 


SOLUTION 


<j x = -60 MPa dy = -40 MPa r xy = 35 MPa 


(a) tan 20 = ^ = -3.50 

p a-a v -60 + 40 

a y 

2.6 p =-74.05° 


6 = -37.0°, 53.0° ◄ 


(b) cj n 




f -\ 2 

a x~ a y 


+ T 


xy 


-60-40 


-60 + 40 


+ (35 V 


= -50 ±36.4 MPa 


-13.60 MPa ◄ 
-86.4 MPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1031 


10 ksi 


2 ksi 


3 ksi 


PROBLEM 7.6 

For the given state of stress, determine (a) the principal planes, ( b ) the principal 
stresses. 


SOLUTION 


a x = 2 ksi a = 10 ksi r = -3 ksi 


(a) tan 2 0 = 


2t- 


xy 


(2)( — 3) 

2-10 


= 0.750 


20 p = 36.87° 


(b) 


a * +eT y ± 

2 

2 + 10 . * 


f _ _ _ A 2 

G x G y 


+ t: 


xy 


2-10 


\2 


+ (-3) 2 


= 6 + 5 ksi 


0 p = 18.4°, 108.4° ◄ 


11.00 ksi ◄ 

1.000 ksi ◄ 
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SOLUTION 


(a) tan 26 = 


a x = +150 MPa, <j v = +30 MPa, r xy = -80 MPa 

= -1.33333 MPa 


2r 


xy _ 


2(— 80 MPa) 


<r x -(T v (+150 MPa -30 MPa) 


20 p = -53.130° and 126.870° 


(b) cr |T 




( -Gy' 


+ T 


xy 


150 MPa + 30 MPa If 150 MPa - 30 MPa 


°p = 


-26.6° and +63.4° ◄ 


+ (-80 MPa) 2 


= 90 MPa + 100 MPa 



^max = 190.0 MPa 


-10.00 MPa 


◄ 

◄ 
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12 ksi 
r * 8 ksi 





18 ksi 










PROBLEM 7.8 

For the given state of stress, determine (a) the principal planes, ( b ) the principal 
stresses. 


SOLUTION 


cr x =18 ksi (7 y - -12 ksi - 8 ksi 


( a ) tan 26 


It 


xy 


(2)(8) 


<J X - (Jy 18 + 12 


0.5333 


2 0 p = 28.07° 


(b) <r a 


2 

18-12±^ 


f — \ 2 

G x G y 


+ T 


xy 


f 18 + 12^ 


+ ( 8) 2 


= 3 ± 17 ksi 


9 p = 14.0°, 104.0° ◄ 


O'max = 20 -° ksi 


-14.00 ksi 


◄ 
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PROBLEM 7.9 

For the given state of stress, determine (< a ) the orientation of the planes of 
maximum in-plane shearing stress, ( b ) the maximum in-plane shearing stress, 
(c) the corresponding normal stress. 


SOLUTION 


g x = -60 MPa a y - -40 MPa r xy =35 MPa 


{a) tan 2 0 S 


' t '-' t '--- 6 0 + 40 . 0. 2857 


2 r 


xp 


(2)(35) 


20. =15.95° 


(b) 


f _ _ \ 2 


+ r 


xy 


f -60 + 40^ 2 


+ (35) 2 


(c) 


Vx+^v -60-40 


0 S = 8.0°, 98.0° ◄ 


^max =36.4 MPa ◄ 
<t' = -50.0 MPa ◄ 
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PROBLEM 7.10 

For the given state of stress, determine (a) the orientation of the planes of 
maximum in-plane shearing stress, ( b ) the maximum in-plane shearing stress, 
(c) the corresponding normal stress. 


SOLUTION 

cr = 2 ksi 


<j y = 10 ksi 




(a) tan 20 s 




2 r 


xy 


2-10 

(2)(-3) 


-3 ksi 
1.33333 


2d, = -53.13° 


(b) r n 




+ t: 


xy 


+ ,-3) 2 


2 ) 


(c) <T <^ave 


°x +°y _ 2 + 10 


0 S = -26.6°, 63.4° ◄ 


r max = 5 - 00 ksi ^ 

o’ = 6.00 ksi -4 
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PROBLEM 7.11 

For the given state of stress, determine (a) the orientation of the planes of 
maximum in-plane shearing stress, ( b ) the maximum in-plane shearing stress, 
(c) the corresponding normal stress. 


SOLUTION 

cr = +150 MPa, 


<j y = +30 MPa, r xy = -80 MPa 


(a) tan 26 s = ^ — — = +0.750 


It 


xy 


2(-80) 


20 s = 36.87° and 216.87° 


(b) t„ 




+ V, 


xy 


f 150 -3(P 2 


+ (-80) 2 


(c) a' = cr ai 


2 

150 + 30 A 


e s = 18.4° and 108.4° ◄ 


r max = 100.0 MPa A 


o’ - 90.0 MPa ◄ 
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PROBLEM 7.12 

For the given state of stress, determine (a) the orientation of the planes of 
maximum in-plane shearing stress, ( b ) the maximum in-plane shearing stress, 
(c) the corresponding normal stress. 


SOLUTION 

cr v = 1 8 ksi 


( a ) tan 26 s 


°x~°y 


2 r, 


xy 


-12 ksi 


18 + 12 
’ (2X8) 


*xy= 8 ksi 


-1.875 


20. = -61.93° 


(^) ^"max 


CT„ - <7, 


\2 


+ t: 


xy 


18 + 12 
2 j 


+ ( 8) 2 


, , , CT* + t7y 18-12 

(c) a = cr ave = — = — - — 


6 S = -31.0°, 59.0° ◄ 


r max = l 7 - 00 ksi ^ 


cf = 3.00 ksi 4 
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i 8 ksi 









5 ksi 


PROBLEM 7.13 

For the given state of stress, determine the normal and shearing stresses after the 
element shown has been rotated through (a) 25° clockwise, ( b ) 10° counterclockwise. 


SOLUTION 


(a) 


(b) 


( 7 x=° ^ = 8 ksi T xy = 5 ksi 


G + G G — g 

— = 4 ksi — = -4 ksi 


g + g <j — <j 

— H — cos 2 6 + t sin 26 

oo x y 


t xV = — sin 26 + r cos 26 

x y ^ *,y 

cr + cr cr — cr 

cr t = — -cos 26 - r xv sin 26 

y 2 2 ** 


6 = -25° 26 = -50° 


a x , =4-4 cos (-50°) + 5 sin (-50°) 
r x y = 4 sin (-50°) + 5 cos (-50°) 
cry =4 + 4 cos (-50°) - 5 sin (-50) 

0 = 10° 26 = 20° 

cr x ' =4-4 cos (20°) + 5 sin (20°) 
r x y = 4 sin (20°) + 5 cos (20°) 

Gy =4 + 4 cos (20°) - 5 cos (20°) 


g x > = -2.40 ksi A 
t xV = 0.1498 ksi A 
Gy =10.40 ksi A 

G x r =1.951 ksi M 
Tff = 6.07 ksi A 

a y 

Gy = 6.05 ksi A 
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PROBLEM 7.14 

For the given state of stress, determine the normal and shearing stresses after 
the element shown has been rotated through ( a ) 25° clockwise, ( b ) 10° 
counterclockwise. 


SOLUTION 

<j x = -60 MPa o y - 90 MPa r xy = 30 MPa 

G + G G — G 

— — = 15 MPa — - = -75 MPa 

2 2 

G + G G — G 

G. = — H — cos 26 +r sin 26 

x 2 2 x y 

t xv = — — sin 26 + t cos 26 

xy ^ 

G + G G — G 

a v t = — —cos 20 - r m sin 20 

y 2 2 ^ 

(a) 0 = -25° 20 = -50° 

av =15-75 cos (-50°) + 30 sin (-50°) 
r x y = +75 sin (-50°) + 30 cos (-50°) 
csy =15 + 75 cos (-50°) - 30 sin (-50°) 

(b) <9 = 10° 20 = 20° 

csv = 15-75 cos (20°) + 30 sin (20°) 

T x y = +75 sin (20°) + 30 cos (20°) 
csy =15 + 75 cos (20°) - 30 sin (20°) 


csv = -56.2 MPa ◄ 
t,, = -38.2 MPa ◄ 

x y 

dyi =86.2 MPa ◄ 

a x , =-45.2 MPa ◄ 
T rV = 53.8 MPa ◄ 
csy = 75.2 MPa ◄ 
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12 ksi 





8 ksi 








6 ksi 


PROBLEM 7.15 

For the given state of stress, determine the normal and shearing stresses after 
the element shown has been rotated through (a) 25° clockwise, ( b ) 10° 
counterclockwise. 


SOLUTION 


(a) 


(b) 


ci x = 8 ksi <j y = -12 ksi r xy = -6 ksi 

cr + <j cr — cr 

— = -2 ksi — = 10 ksi 


cr + cr,. cr - a 


0V = - 


— — cos 26 + t sin 26 

2 xy 


CJ. - cr 


xy 


— — sin 26 + t cos 26 
2 ^ 


cr + cr cr — cr 

(jr = — — cos 2 6-t yv sin 20 


6 = -25° 26> = -50° 


= -2 + 10 cos (-50°) - 6 sin (-50°) 
Zyy = -10 sin ( -50°) - 6 cos (-50°) 
ay =-2-10 cos (-50°) + 6 sin (-50°) 
6 = 10° 26> = 20° 


ay = -2 + 10 cos (20°) - 6 sin (20°) 
T xy = -10 sin (20°) - 6 cos (20°) 
ay = -2 - 10 cos (20°) + 6 sin (20°) 


ay = 9.02 ksi 

T x'y' = 3 - 80 ksi ^ 

cr y =-13.02 ksi ◄ 

ay =5.34 ksi ◄ 
r . ,. = -9.06 ksi 
cry = -9.34 ksi A 
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IPa PROBLEM 7.16 

I For the given state of stress, determine the normal and shearing stresses after the 
element shown has been rotated through (< a ) 25° clockwise, ( b ) 10° counterclockwise. 

50 MPa 


SOLUTION 

<j x = 0 <j y = -80 MPa z xy = -50 MPa 

(J + <j <7 — <j 

— — = -40 MPa — = 40 MPa 

2 2 

CT + (7 <7 — CT 

a. = — h -cos 26 + r sin 26 

x 2 2 ^ 

= — ^sin 26 + t cos 26 

x y ^ xy 

CT + (7 <7 — <7 

<j v ' = — cos 2 9 - t xv sin 26 

y 2 2 y 

(a) 6 = -25° 26 = -50° 

<j x , = -40 + 40 cos (-50°) - 50 sin (-50°) 

T x y = -40 sin (-50°) - 50 cos (-50°) 

( 7 , • = -40 - 40 cos (-50°) + 50 sin (-50°) 

(b) 6> = 10° 26 = 20° 

<7 X ' = -40 + 40 cos (20°) - 50 sin (20°) 

T xy = -40 sin (20°) - 50 cos (20°) 

<jy = -40 - 40 cos (20°) + 50 sin (20°) 


( 7 X , = 24.0 MPa ◄ 
r x y =-1.498 MPa ◄ 
a y = -104.0 MPa 4 

cr x ,=- 19.51 MPa ◄ 
T = -60.7 MPa ◄ 

xy 

Gy = -60.5 MPa ◄ 
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250 psi 



PROBLEM 7.17 

The grain of a wooden member forms an angle of 15° with the vertical. For the state 
of stress shown, determine (a) the in-plane shearing stress parallel to the grain, ( b ) the 
normal stress perpendicular to the grain. 


SOLUTION 



cr x= cr y=° T xy = + 250 P si 6 = -15° 


(a) 

r vV = — -sin 2# + r, cos 26 

x y ^ 



= 0 + 250cos(-30°) 

T x'y' = 217 psi ◄ 

(b) 

O",, + CJ .. <T V — O".. 

cr' = — H ^cos2<9 + r ri .sin2<9 



= 0 + 0 + 250sin(-30°) 

a' x = -125.0 psi A 
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1.8 MPa 


PROBLEM 7.18 


3 MPa 



The grain of a wooden member forms an angle of 15° with the vertical. For the 
state of stress shown, determine (a) the in-plane shearing stress parallel to the 
grain, ( b ) the normal stress perpendicular to the grain. 


SOLUTION 

<7 X = -3 MPa <j y = -1.8 MPa = 0 

6 = -15° 26 = -30° 

(a) T x y = - °* ° y sin 29 + z xy sin 26 
= - ~ 3 + 1 ' 8 sin(-30°) + 0 


CT + (7 <J — (7 

(b) <7 X > = — H ^cos26^ + sin 26 


2 2 
-3-1.8 -3 + 1.8 


xy 


■ + ■ 


cos(-30°) + 0 


r rV = -0.300 MPa ◄ 


<7 X < = -2.92 MPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1044 


P' 

120 mm 


PROBLEM 7.19 

80 mrn^^; 

/y\ 


Two wooden members of 80 x 120-mm uniform rectangular cross 
section are joined by the simple glued scarf splice shown. Knowing 
that P = 22° and that the maximum allowable stresses in the joint 
are, respectively, 400 kPa in tension (perpendicular to the splice) 
and 600 kPa in shear (parallel to the splice), determine the largest 
centric load P that can be applied. 
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PROBLEM 7.20 

Two wooden members of 80 x 120-mm uniform rectangular cross 
section are joined by the simple glued scarf splice shown. Knowing 
that {3 = 25° and that centric loads of magnitude P = 10 kN are 
applied to the members as shown, determine (a) the in-plane 
shearing stress parallel to the splice, (b) the normal stress 
perpendicular to the splice. 
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a 



pf"'\ 


PROBLEM 7.21 

The centric force P is applied to a short post as shown. Knowing that the stresses on 
plane a- a are a = -15 ksi and r = 5 ksi, determine (a) the angle /? that plane a-a forms 
with the horizontal, ( b ) the maximum compressive stress in the post. 


SOLUTION 


C7 X =0 

T xy=° 

CT y = -PI A 


( a ) From the Mohr’s circle, 




tan B = — = 0.3333 /? = 18.4° ◄ 

15 

P P 

-a = 1 cos 2 B 

2 A 2 A 


P 2(-cr) (2X15) 

A l + cos2 p l + cos2y5 


— = 16.67 ksi ◄ 

A 
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PROBLEM 7.22 

Two members of uniform cross section 50 x 80 mm are glued together along plane 
a-a that forms an angle of 25° with the horizontal. Knowing that the allowable 
stresses for the glued joint are o = 800 kPa and r = 600 kPa, determine the largest 
centric load P that can be applied. 
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PROBLEM 7.23 

The axle of an automobile is acted upon by the forces and couple 
shown. Knowing that the diameter of the solid axle is 32 mm, 
determine (a) the principal planes and principal stresses at point H 
located on top of the axle, (b) the maximum shearing stress at the 
same point. 


SOLUTION 


c = —d = —(32) = 16 mm = 16x10 3 m 
2 2 


Torsion: 


Tc IT 2(350 N-m) 


J tic* 7r( 16 x 10 3 m) 3 


54.399 x 10 b Pa = 54.399 MPa 


Bending : 


I = —c 4 = —(16 x 10“ 3 ) 4 = 51.472 x 10“ 9 m 4 
4 4 


M = (0.15m)(3 x 10 3 N) = 450 N m 

a = = _ ( 45 °X 16 x 10 ) = -139.882 x 10 6 Pa = -139.882 MPa 

/ 51.472 xl0“ 9 


Top view : 


K 


o.3Sv 


Stresses: 


4*01 


\3a.88'2 




= -139.882 MPa cr y = 0 = -54.399 MPa 


1 

l' 


cr ave = —{p’ x + a y )= -(-139.882 + 0) = -69.941 MPa 


R = 


f „ „ 

°x ~ °y 


+ r 2 xy = V(-69.941) 2 + (-54.399) 2 


= 88.606 MPa 


(a) 


^max = ^ave + R = "69.941 + 88.606 


o- mnv = 18.67 MPa -4 


°min = ^ave ~ R = "69.941 - 88.606 


o- min = -158.5 MPa ◄ 
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PROBLEM 7.24 

A 400-lb vertical force is applied at D to a gear attached to the solid 1-in. 
diameter shaft AB. Determine the principal stresses and the maximum 
shearing stress at point H located as shown on top of the shaft. 


SOLUTION 


Equivalent force-couple system at center of shaft in section at point H: 

V = 400 lb M = (400X6) = 2400 lb • in. 
T = (400)(2) = 800 lb • in. 


Shaft cross section: d = 1 in. c = —d = 0.5 in. 

2 

J = —c 4 = 0.098175 in 4 


/ = —J = 0.049087 in 4 
2 


Torsion: 


Bending: 


T = 


Tc _ (800)(0.5) 


J 0.098175 

Me _ (2400X0.5) 
/ “ 0.049087 

Transverse shear: Stress at point H is zero. 

cr v = 


= 4.074 xl0 3 psi= 4.074 ksi 


±. H.o7M km 

t ZH.W6 ksi 

— x 


24.446 xl0 3 psi = 24.446 ksi 


24.446 ksi, o y = 0, r xy = 4.074 ksi 
1 


^ave = TK + ^v) = 12 - 223 ksi 


R = 


f _ _ X 2 

°x ~ a y 


+ T xy ~ 


V(12.223) 2 + (4.074) 2 


= 12.884 ksi 


= ^ave + R 


a b ~ ^ave R 


<y a = 25.1 ksi ◄ 
<j h = -0.661 ksi A 


Tnax ^ 


r max = 12.88 ksi ◄ 
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SOLUTION 







Equivalent force-couple system at center of shaft in section at point H\ 






V = 

24 lb M = (24)(6) = 144 lb ■ in. 






T = 

= (24X10) = 240 lb • in. 




Shaft cross section: 

d = 0.75 in., c 

-d = 0.375 in. 
> 





J = ^c A 
2 

= 0.03 1063 in 4 I = -J = 0.015532 in 4 
2 




Torsion: 

II 

= ( 24 °X°- 375 ) = 2.897 X 10 3 psi = 2.897 ksi 
0.031063 




Bending: 

Me 

<j = 

/ 

= (l44)(0 ' 375) = 3.477 x 10 3 psi=3.477 ksi 
0.015532 




Transverse shear: 

At point H , the stress due to transverse shear is zero. 




Resultant stresses: 

<j x = 3.477 ksi, cr y = 0, r xy = 2.897 ksi 





i 

CTave “ 2 

K + <r y ) 

= 1.738 ksi 





H 


2 

+ xl v = Vl.738 2 + 2.897 2 = 3.378 ksi 

xy 





2 J 





a a = a 

ave + R 


a a = 5.12 

ksi 

◄ 


<y b =o 

ave — R 


a b = -1.640 

ksi 

◄ 


T = R 

max 



W = 3 - 38 

ksi 

◄ 
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SOLUTION 

d n 102 ,, 

r = — 1 - = = 5 1 mm r. = r-t = 45 mm 

0 2 2 

y = ^(r 4 - /J 4 ) = 4. 1 855 X 1 0 6 mm 4 
= 4.1855xl0“ 6 m 4 

I = -J = 2.0927 xl0" 6 m 4 
2 

Force-couple system at center of tube in the plane containing points H and K: 

F x = 10 kN 
= 10x10 3 N 

M y =(10x10 3 )(200x10 -3 ) 

= 2000 N • m 

M z =-(10x10 3 )(150x10“ 3 ) 

= -1500 N • m 

Torsion : At point K, place local x-axis in negative global z-direction. 

T = M y = 2000N-m 

c = r 0 =51xl0“ 3 m 
_ Tc _ (2000)(51xl0~ 3 ) 

xy ~ J~ 4.1855 x 10 6 
= 24.37 xlO 6 Pa 
= 24.37 MPa 
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PROBLEM 7.26 (Continued) 


Transverse shear : Stress due to transverse shear V = F x is zero at point K. 

Bending : 

\M z \c (1500)(51xl0“ 3 ) 


1^1 = ■ 


/ 2.0927 xlO“ b 

Point K lies on compression side of neutral axis. 

<t, , = -36.56 MPa 


= 36.56x10° Pa = 36.56 MPa 


Total stresses at point K : 


< 7 X = 0, <j v = -36.56 MPa, = 24.37 MPa 


1 


^ave =t(°'x +< 7 v) = - 18 - 28 MPa 


R-- 


f 


\ 

x 




2 


V 


) 


+ <, = 30.46 MPa 


^max = ^ave +R = “18.28 + 30.46 


^min = ^ave “ R = “1 8 - 28 “ 30.46 


T =R 

max 


=12.18 MPa ◄ 
= -48.7 MPa A 


r max = 30.5 MPa ◄ 
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PROBLEM 7.27 

For the state of plane stress shown, determine the largest value of cr for which 
the maximum in-plane shearing stress is equal to or less than 75 MPa. 


SOLUTION 

g x = 60 MPa, u y = ?, T xy = 20 MPa 

Let 

Vx-Oy 

u = — . 

2 

Then 

(j, = g y - 2u 


R = ^Ju 2 + x 1 xy = 75 MPa 


u = ±^R 2 - = +V75 2 - 20 2 = 72.284 MPa 

a y = a x - 2u = 60 + (2)(72.284) = -84.6 MPa or 205 MPa 

Largest value of <j v 

is required. cj v = 205 MPa A 
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PROBLEM 7.28 

For the state of plane stress shown, determine (a) the largest value of r xy for which 
the maximum in-plane shearing stress is equal to or less than 12 ksi, ( b ) the 
corresponding principal stresses. 


SOLUTION 


= 1 0 ksi, cr y = -8 ksi, r xy = ? 



= ^/9 2 + ^ =12 ksi 


10 — (— 8 ) 


xy 


(a) r xy = Vl2 2 -9 2 

(b) ve=|(°'x + ^) = lksi 

( 7 a = cr ave + R = 1 + 12 = 13 ksi 
<J b = <J ave - R = 1 - 12 = -1 1 ksi 


t m = 7.94 ksi -4 


<j a =13.00 ksi A 
(7 b =-11.00 ksi A 
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k 2 MPa 

PROBLEM 7.29 



T xy 

For the state of plane stress shown, determine (a) the value of r xy for which the 
in-plane shearing stress parallel to the weld is zero, ( b ) the corresponding 
principal stresses. 

4 

T 

12 MPa 






SOLUTION 


<j x = 12 MPa, a y - 2 MPa, r xy = ? 


Since T x y = 0, a: '-direction is a principal direction. 


^=-15° 
tan 29 „ = — 




(a) ^ = j ( a x - &y ) tan 26 p = f (1 2 - 2) tan(-30°) 


/? = 




xy 


= V5 2 + 2.89 2 = 5.7735 MPa 


^ave =-K+^) = 7MPa 


(*) CT a =^ave + * = 7 + 5.7735 


°b =CT ave -7? = 7-5.7735 



cr a =12.77 MPa ◄ 
a b =1.226 MPa ◄ 
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PROBLEM 7.30 

Determine the range of values of <j x for which the maximum in-plane shearing stress 
is equal to or less than 10 ksi. 


SOLUTION 

<j x = ?, o y = 15 ksi, r xy = 8 ksi 

G x ~ G y 

Let u = — cr = <j + 2 u 

2 x y 

R = a/ m2+ ^ = ^max = 10 ksi 

M = +^ 2 - = ±Vl0 2 -8 2z = ±6 ksi 

cr x =<r y +2u = 15 ± (2)(6) = 27 ksi or 3 ksi 

Allowable range : 3 ksi < cr x < 27 ksi A 
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PROBLEM 7.31 



Solve Probs. 7.5 and 7.9, using Mohr’s circle. 

PROBLEM 7.5 through 7.8 For the given state of stress, determine ( a ) the 
principal planes, Q b ) the principal stresses. 

PROBLEM 7.9 through 7.12 For the given state of stress, determine ( a ) the 
orientation of the planes of maximum in-plane shearing stress, ( b ) the maximum 
in-plane shearing stress, (c) the corresponding normal stress. 


SOLUTION 

<t x = -60 MPa, 

<j y - -40 MPa, 

T xy = 35 MPa 

<r ave = ° x + °y = -50 MPa 

Plotted points for Mohr’s circle : 

X:(a x ,-T xy ) = (-60 MPa, -35 MPa) 
Y:(a y ,T xy ) = (-40 MPa, 35 MPa) 

C : (cr ave , 0) = (-50 MPa, 0) 

(a) tan ^ = — = — = 3.500 
CG 10 

p = 74.05° 

o b =~p = -yim° 

a = 180°-/? = 105.95° 

0 =- a = 52.97° 

0 2 

i? = VcG 2 +^" = Vl0 2 +35 2 =36.4 MPa 
(*) O’min = °"ave ~ R = ~50 - 36.4 
CT max =o- ave +7? = -50 + 36.4 
(a') 0 d =0 B +45° = 7.97° 

+45° = 97.97° 

(*') r max =i? = 36.4 MPa 
(c') cr' = <r ave =-50MPa 



6> a =53.0° ◄ 


o ~ min = -86.4 MPa 


^max =-13.60 MPa 
0 d = 8 . 0 ° 
6*, = 98.0° 

r max = 36 - 4 MPa 

& = -50.0 MPa 


◄ 

◄ 

◄ 

◄ 

◄ 

◄ 
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PROBLEM 7.32 


30 MPa 


Solve Probs. 7.7 and 7.1 1, using Mohr’s circle. 


150 MPa PROBLEM 7.5 through 7.8 For the given state of stress, determine (a) the 
principal planes, ( b ) the principal stresses. 

MPa PROBLEM 7.9 through 7.12 For the given state of stress, determine (a) the 
orientation of the planes of maximum in-plane shearing stress, ( b ) the maximum 
in-plane shearing stress, (c) the corresponding normal stress. 


SOLUTION 


150 MPa 


a y - 30 MPa 


T xy = - 80 MPa 


<J, + <T , 


90 MPa 


Plotted points for Mohr’s circle : 

X: (a x , -r xy ) = (150 MPa, 80 MPa) 

Y : (o y , r xy ) = (30 MPa, -80 MPa) 
C : (c ave , 0) = (90 MPa, 0) 


(b) 


<7„ ~ <7„ 


(150-30) 


60 


2 2 

R = V(60) 2 + (80) 2 = 100 


/x 80 

(a) tan 29 n = — 

p 60 

26 p = 53.130° 


O'max = O'ave + R = 90 + 100 


O'min = <7 ave - R = 90 - 100 


(a) 6 S - 6 + 45° 


w 

(O') 


R 



■CTCMftO 


<? = ov. 


6 p = -26.6° and 63.4° ◄ 
CTmax = 190.0 MPa 
a min = -10.00 MPa ^ 
0 S = 18.4° and 108.4° ◄ 
r max =100.0 MPa ◄ 
o’ = 90.0 MPa ◄ 
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loksi PROBLEM 7.33 


Solve Prob. 7.10, using Mohr’s circle. 

2 ksi 

PROBLEM 7.9 through 7.12 For the given state of stress, determine (< a ) the 
si orientation of the planes of maximum in-plane shearing stress, (b) the maximum 

in-plane shearing stress, (c) the corresponding normal stress. 


SOLUTION 


<j x = 2 ksi <j y - 10 ksi - -3 ksi 


cr + cr 


2 + 10 
2 


= 6 ksi 


Plotted points for Mohr’s circle : 

X : ( cr x , ~T xy ) = (2 ksi, 3 ksi) 

Y: K- T xy ) = (10 ksi, -3 ksi) 

C : (^ave’ °) = ( 6 ksi ’ 0) 

FX 3 n nr 

tan a = = — = 0.75 

FC 4 

a = 36.87° 

= -a = 18.43° 

B 2 

(a) e D =0 B - 45° = -26.6° 

0 e = O b + 45° = 63.4° 

R = VcF 2 + fX 2 = X 2 + 3 2 = 5 ksi 
(*) W =R = 5.00 ksi 
(c) cr' = cr ave = 6.00 ksi 



r max = 5 ' 00 ksi < 

cr' = 6.00 ksi 4 
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PROBLEM 7.34 

Solve Prob. 7.12, using Mohr’s circle. 

PROBLEM 7.9 through 7.12 For the given state of stress, determine ( a ) the 
orientation of the planes of maximum in-plane shearing stress, ( b ) the 
maximum in-plane shearing stress, (c) the corresponding normal stress. 


SOLUTION 


<j x =18 ksi a v = —12 ksi r xy = 8ksi 


cr + (J 


= 3 ksi 


Plotted points for Mohr’s circle : 

X : (cr x , -t^) - (18 ksi, -8 ksi) 

Y '■ <°> r ,;v) = H 2 ksi’ 8 ksi) 
C: (cr ave , 0) = (3 ksi, 0) 

FX 8 

tan a = = — = 0.5333 

CF 15 

a = 28.07° 

e = -a = 14.04° 

A 2 

(a) 0 D = e A + 45° = 59.0° 
e E = e A - 45° = -30.1° 

R = 'JcF 2 + FX 2 = Vl5 2 + 8 2 = 17 ksi 


(b) W = R = 17-00 ksi 

(c) cr' = <j ave = 3.00 ksi 



0 D = 59.0° ◄ 
e E = -30.i° ◄ 


W = 17.00 ksi ◄ 
cr' = 3.00 ksi 4 
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i 8 ksi 









5 ksi 


PROBLEM 7.35 

Solve Prob. 7.13, using Mohr’s circle. 

PROBLEM 7.13 through 7.16 For the given state of stress, determine the normal and 
shearing stresses after the element shown has been rotated through ( a ) 25° clockwise, 
(b) 10° counterclockwise. 
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PROBLEM 7.36 

Solve Prob. 7.14, using Mohr’s circle. 

PROBLEM 7.13 through 7.16 For the given state of stress, determine the 
normal and shearing stresses after the element shown has been rotated through 
( a ) 25° clockwise, ( b ) 10° counterclockwise. 


SOLUTION 

o x - -60 MPa, 

<j y = 90 MPa, 
r = 30 MPa 

xy 

CT x +(T v 

^ave=^y^ = 15MPa 


Plotted points for Mohr’s circle : 


X: (-60 MPa, -30 MPa) 
Y: (90 MPa, 30 MPa) 

C: (15 MPa, 0) 


^ FX 30 „ 

tan 26* = = — = 0.4 

p FC 75 

29 p =21.80° 9 P = 10.90° 2 ) 



& 

(mp&) 


R = 




2 2 

FC + FX 


= V75 


2 +30 2 =80.78 MPa 


(a) (9 = 25° 2). 29 = 50° 


(p = 29-29 P =50° -2 1.80° = 28.20° 2) 


Oy =C7 ave COS (p 

cr x , = -56.2 MPa ◄ 

T x'y' =~ R * m< P 

T x y=- 38.2 MPa ◄ 

® y — *-r a v e + R cos (p 

c Ty = 86.2 MPa A 
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i2 ksi PROBLEM 7.37 


Solve Prob. 7.15, using Mohr’s circle. 

8 ksi 

PROBLEM 7.13 through 7.16 For the given state of stress, determine the normal 
■ and shearing stresses after the element shown has been rotated through (< a ) 25° 
clockwise, ( b ) 10° counterclockwise. 
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80 MPa PROBLEM 7.38 


Solve Prob. 7.16, using Mohr’s circle. 

PROBLEM 7.13 through 7.16 For the given state of stress, determine the normal and 
50 MPa shearing stresses after the element shown has been rotated through ( a ) 25° clockwise, 
( b ) 10° counterclockwise. 


SOLUTION 





= °> 

<j y = -80 MPa, 

T xv = -50 MPa 

xy 

<J X + <T V 

^ave=^y^ = -40MPa 


Plotted points for Mohr’s circle : 


X 

Y 

C 


(0, 50 MPa) 

(-80 MPa, -50 MPa) 
(-40 MPa, 0) 


^ FX 50 , 

tan 2 <9„ = = — = 1.25 

p CF 40 

20 p =51.34° 


(a) <9 = 25° 


R 


4 


2 2 

CF +FX 


:V40 2 +50 2 


= 64.031 MPa 
26> = 50° 2 

q> = 51.34° -50° = 1.34° t) 


o b ) <9 = 10° t). 


a x'= a me +RcOS< P 

T x'y' =~ R Sin ^ 

ave -R costp 

20 = 20° t) 

cp = 5\ .34° + 20° = 7 1 .34° 

=cr ave COS <p 

r x y = ~ R sin ^ 

<V =cr ave - R cos <p 


oy = 24.0 MPa ◄ 
T =-1.497 MPa ◄ 

xy 

ay =-104.0 MPa ◄ 

ay =-19.51 MPa ◄ 
r =-60.7 MPa ◄ 

xy 

ay = -60.5 MPa ◄ 
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250 psi 



PROBLEM 7.39 

Solve Prob. 7.17, using Mohr’s circle. 

PROBLEM 7.17 The grain of a wooden member forms an angle of 15° with the 
vertical. For the state of stress shown, determine (a) the in-plane shearing stress 
parallel to the grain, ( b ) the normal stress perpendicular to the grain. 


SOLUTION 


cr x = (jy = o Y2 0^5 



T x'y' = 217 psi ◄ 


( b ) <j x , = -7? sin 2# 

= -(250 psi) sin 30° 
= -125.0 psi 


<j x ' = -125.0 psi A 
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PROBLEM 7.40 

Solve Prob. 7.18, using Mohr’s circle. 

PROBLEM 7.18 The grain of a wooden member forms an angle of 15° with the 
vertical. For the state of stress shown, determine ( a ) the in-plane shearing stress 
parallel to the grain, ( b ) the normal stress perpendicular to the grain. 


SOLUTION 


Points. 


(a) 

(b) 


<7 X = -3 MPa 


<j y = -1.8 MPa 


T xy = 0 


(7 + <J 

— = -2.4 MPa 


xy 

<T V , 


X'- i^x’ ~ T xy) = (-3 MPa, 0) 

Y'- (cr y , —t^) = (-1.8 MPa, 0) 

C: (<r ave , 0) = (-2.4 MPa, 0) 

e = -15° 26 = -30° 

CX = 0.6 MPa R = 0.6 MPa 
= -CX' sin 30° = -flsin30° = -0.6sin30° = -0.300 MPa 
= (7„,„ - CX' cos 30° = -2.4 - 0.6 cos 30° = -2.92 MPa 



v rV = -0.300 MPa ◄ 

x y 

g, = -2.92 MPa ◄ 
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PROBLEM 7.41 



Solve Prob. 7.19, using Mohr’s circle. 

PROBLEM 7.19 Two wooden members of 80 x 120-mm uniform 
rectangular cross section are joined by the simple glued scarf 
splice shown. Knowing that /? = 22° and that the maximum 
allowable stresses in the joint are, respectively, 400 kPa in tension 
(perpendicular to the splice) and 600 kPa in shear (parallel to the 
splice), determine the largest centric load P that can be applied. 


SOLUTION 




= -J’ < J y=° T xy = 0 

Plotted points for Mohr’s circle : 


X: 


C: 


-,0 


Y: (0,0) 


"2"’ 0 

v z 


R = CX = — 

2A 


Coordinates of point Y’: 

a = (1 - cos 2 B) 

2 A 

P • O/l 

t = — sin 2 B 
2 A 

Data: A = (80)020) = 9.6 x 10 3 mm 2 = 9.6 x 10“ 3 m 2 

If <j = 400 kPa = 400 x 10 3 Pa, 

_ 2Aa _ (2)(9.6 x 10~ 3 )(400 x 10 3 ) 

1 - cos 2 p (1 - cos 44°) 

= 27.4 x 10 3 N = 27.4 kN 

If r = 600 kPa = 600 x 1 0 3 Pa, 

_ 2^r _ (2)(9.6 x 10~ 3 )(600 x 10 3 ) 
sin 2 P (sin 44°) 

= 16.58 x 10 3 N = 16.58 kN 

The smaller value of P governs. P = 16.58 kN A 
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PROBLEM 7.42 

P' 

120 mm 


Solve Prob. 7.20, using Mohr’s circle. 

80 



PROBLEM 7.20 Two wooden members of 80 x 120-mm uniform 
rectangular cross section are joined by the simple glued scarf 
splice shown. Knowing that ft = 25° and that centric loads of 
magnitude P = 10 kN are applied to the members as shown, 
determine (a) the in-plane shearing stress parallel to the splice, 
(b) the normal stress perpendicular to the splice. 


SOLUTION 

y 


£ 

A 







°y = 0 r xy = 0 


Plotted points for Mohr’s circle 


X: 


C: 


7’° 

y 

^ P 

— ,0 

2 A 


Y: ( 0 , 0 ) 


R — CX = 


2,4 


Coordinates of point 7: 


cr = — (1 - cos 2 6) 
2 A 


Data: 

(a) 

(b) 


t = sin 2 B 

2 A 

A = (80X120) = 9.6 x 10 3 mm 2 = 9.6 x 10“ 3 m 2 
t = (1 ° X 10 )Sin 5 ,°° = 399 x 10 3 Pa = 399 kPa 


<j = 


(2)(9.6 x 10“ J ) 

(10 x 10 3 )(1 - cos 50°) 
(2)(9.6 x 10" 3 ) 


= 186.0 x 10 3 Pa = 186.0 kPa 


◄ 

◄ 
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|p PROBLEM 7.43 

Solve Prob. 7.21, using Mohr’s circle. 



PROBLEM 7.21 The centric force P is applied to a short post as shown. Knowing that 
the stresses on plane a-a are cr = -15 ksi and r = 5 ksi, determine (a) the angle /? that 
plane a-a forms with the horizontal, ( b ) the maximum compressive stress in the post. 


SOLUTION 




(a) From the Mohr’s circle, 

tan B = — = 0.3333 
15 

(. b ) -a = — + -^-cos2/? 

2 A 2 A 

P_ 2(-a) _ (2X15) 


A 1 + cos 2/? 1 + cos 2/? 

= 16.67 ksi 


P = 18.4° ◄ 


16.67 ksi ◄ 
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PPHRI FM 7 AA 

a 


Solve Prob. 7.22, using Mohr’s circle. 



a /25 0 

PROBLEM 7.22 Two members of uniform cross section 50 x 80 mm are glued 

50 mm — ^ 


together along plane a-a that forms an angle of 25° with the horizontal. Knowing 



that the allowable stresses for the glued joint are cr - 800 kPa and z - 600 kPa, 


l 

determine the largest centric load P that can be applied. 


SOLUTION 



CT x =0 

*xy = 0 
Gy = PI A 

yl = (50xl0 3 )(80 x 10 -3 ) 
= 4xl0 _3 m 2 


<7 = — (1 + COS 50°) 
2 A 

2Acj 


1 + cos 50° 


p< (2)(4xl0^)(800xl0 3 ) 

1 + cos 50° 
j P<3.90x10 3 N 

P 1 At 

t = — sin 50° P = — < 

2 A sin 50° 



(2)(4x10~ 3 )(600x10 3 ) 
sin 50° 


= 6.27 x 10 3 N 


Choosing the smaller value, 


P = 3.90 kN 4 
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PROBLEM 7.45 

Solve Prob. 7.23, using Mohr’s circle. 

PROBLEM 7.23 The axle of an automobile is acted upon by 
the forces and couple shown. Knowing that the diameter of the 
solid axle is 32 mm, determine ( a ) the principal planes and 
principal stresses at point H located on top of the axle, ( b ) the 
maximum shearing stress at the same point. 


SOLUTION 


Torsion: 


c = —d - —(32) = 16 mm = 16x10 3 m 
2 2 

Tc 2 T 


T = 


J 7TC 3 

2(350 N ■ m) 
7T( 16 X 10" 3 m) 3 


= 54.399 x 10° Pa = 54.399 MPa 


Bending : I = ^ c 4 = j(16 x 10" 3 ) 4 = 51.472 x 10“ 9 m 4 


Top view 


M = (0.15m)(3 x 10 3 N) = 450N-m 

tr = = _ ( 45 °X 16xlQ ) = -139.882 x 10 6 Pa = -139.882 MPa 

/ 51.472 xlO -9 

Stresses 


Plotted points : 


\+ — 0.35 on — j 


X 



<j x = -139.882 MPa, ^ =0, = -54.399 MPa 

X: (-139.882, 54.399); Y: (0, -54.399); C: (-69.941, 0) 

^ave =2(o-, + ^)= -69.941 MPa 


R 


- cr„ 




+ T 


xy 


-139.882 


+ (54.399) 2 = 88.606 MPa 
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PROBLEM 7.46 

Solve Prob. 7.24, using Mohr’s circle. 

PROBLEM 7.24 A 400-lb vertical force is applied at D to a gear 
attached to the solid 1 -in. -diameter shaft AB. Determine the principal 
stresses and the maximum shearing stress at point H located as shown 
on top of the shaft. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1076 




PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1077 



SOLUTION 


d 0 102 

- — = 51 mm 


t = 45 mm 


2 2 

J = —(r* - ;; 4 j = 4.1855 x 10 6 mm 4 = 4.1855 x 10“ 6 m 4 


I = —J = 2.0927 xl0“ 6 m 4 
2 

Force-couple system at center of tube in the plane containing points H and K\ 

F x = 10 x 10 3 N 

M y = (10 X 10 3 )(200 X 10“ 3 ) = 2000 N • m 
M z = -(10 x 10 3 )(1 50 x 10“ 3 ) = -1500 N • m 


Torsion: 




T = M y = 2000 N • m 
c = r () = 51 x 1 0 3 m 
_Tc _ (2000)(51 xl0“ 3 ) 


~xy 




24.37 MPa 


J 4.1855 x 10- 
Note that the local x-axis is taken along a negative global z direction. 

Transverse shear: Stress due to V = F x is zero at point K. 


Bending: 




_ \M z \c _ (1500)(51 x 1Q~ 3 ) _ 


2.0927 x 10 


.-6 


Point K lies on compression side of neutral axis. 


= 36.56 MPa 
36.56 MPa 


K 
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PROBLEM 7.48 (Continued) 


Total stresses at point K: 


(T x = 0, <j v = -36.56 MPa, = 24.37 MPa 


O'ave = tlrK + <Ty) = “18.28 MPa 



R = 




+ = 30.46 MPa 


. 6 Cm 


a max ~ °ave + R ~ “18.28 + 30.46 


^min = ^ave ~ R = “ 18 .28 - 30.46 


^"max R 


12.18 MPa ◄ 

-48.7 MPa ◄ 
= 30.5 MPa ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 





PROBLEM 7.49 

Solve Prob. 7.27, using Mohr’s circle. 

PROBLEM 7.27 For the state of plane stress shown, determine the largest 
value of <j y for which the maximum in-plane shearing stress is equal to or 
less than 75 MPa. 


SOLUTION 


Given: 


<j x - 60 MPa, a y = ?, r xy = 20 MPa 



F 


r max = ^ = 75 MP a 

XT = = 1 50 MPa 

UP = (2)^) = 40 MPa 

XD = S (T 2 ~~DY 2 = Vl50 2 - 40 2 =144.6 MPa 

cr =cr+^ = 60 + 144.6 cr =205 MPa ◄ 

J 7 A J 7 
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PROBLEM 7.50 

Solve Prob. 7.28, using Mohr’s circle. 

PROBLEM 7.28 For the state of plane stress shown, determine (a) the largest 
value of r xy for which the maximum in-plane shearing stress is equal to or less 
than 12 ksi, ( b ) the corresponding principal stresses. 


SOLUTION 


The center of the Mohr’s circle lies at point C with coordinates 


The radius of the circle is r, 


max (in-plane) 


a * +<T y ( 

2 ’ 

= 12 ksi. 


10-8 


0 = (1 ksi, 0). 



The stress point (cr x ,-T ) lies along the line X x X 2 of the Mohr circle diagram. The extreme points with 
R <\2 ksi are X x and X 2 . 


(a) 

The largest allowable value of r xy is obtained from triangle CDX. 

2 2 / 2 2 

DX 1 =DX 2 =\IcX 1 - CD 



T xy = Vl2 2 -9 2 

t xv = 7.94 ksi -4 

xy 

( b ) 

The principal stresses are cr a = 1 + 12 

<j ci = 13.00 ksi A 


^ =1-12 

a b =-11.00 ksi A 
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PROBLEM 7.51 

Solve Prob. 7.29, using Mohr’s circle. 

PROBLEM 7.29 For the state of plane stress shown, determine (a) the value 
of t xv for which the in-plane shearing stress parallel to the weld is zero, 
( b ) the corresponding principal stresses. 


SOLUTION 


Point X of Mohr’s circle must lie on XX" so that cr x =12 MPa. Likewise, point Y lies on line Y'Y" so 
that <r v = 2 MPa. The coordinates of C are 

0 = (7 MPa, 0). 



Counterclockwise rotation through 150° brings line CXto CB , where r = 0. 



cr -<r v 12-2 

R = y sec 30° = sec 30° = 5.7735 MPa 

2 2 


(a) 

<J X -<J V 

r = 7 tan 30° 

^ 2 



12-2 

= tan 30° 

2 

r = -2.89 MPa ◄ 

\y 

(b) 

G a =<J me +R = T + 5.7735 

a a =12.77 MPa A 


G b= G ave “^ = 7-5.7735 

a b =1.226 MPa ◄ 
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PROBLEM 7.52 

Solve Prob. 7.30, using Mohr’s circle. 

PROBLEM 7.30 Determine the range of values of o x for which the maximum 
in-plane shearing stress is equal to or less than 10 ksi. 


SOLUTION 


For the Mohr’s circle, point Flies at (15 ksi, 8 ksi). The radius of limiting circles is R = 10 ksi. 
Let Ci be the location of the leftmost limiting circle and C 2 be that of the rightmost one. 

Q7 = 10 ksi 
C^7 = 10 ksi 


F 

b 

i. 


6 " 


Noting right triangles C X DY and C 2 DY , 

C X D +DY = QY C X D + 8 2 = 10 2 

Coordinates of point C\ are (0, 15 - 6) = (0, 9 ksi). 

Likewise, coordinates of point C 2 are (0, 15 + 6) = (0, 21 ksi). 
Coordinates of point X\i (9 - 6, -8) = (3 ksi, -8 ksi) 

Coordinates of point X 2 : (21 + 6, -8) = (27 ksi, -8 ksi) 

The point (<r x , -r^) must lie on the lineXiX 2 . 


C X D = 6 ksi 



Thus, 


3 ksi <<j x < 27 ksi A 
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PROBLEM 7.53 

Solve Problem 7.29, using Mohr’s circle and assuming that the weld forms 
an angle of 60° with the horizontal. 

PROBLEM 7.29 For the state of plane stress shown, determine ( a ) the value 
of for which the in-plane shearing stress parallel to the weld is zero, 
( b ) the corresponding principal stresses. 


SOLUTION 
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SOLUTION 


Consider state of stress on the right. We shall express it in terms of horizontal and vertical components. 


0 ? Wsl 







We now can add the two stress elements by superposition. 

1 3 lest 

-tr Skii 
r 1. 


1 !csi 


4 . ■ V kS[ = "iir"^ 

-ptw ^ kst 






*T 


Principal planes and principal stresses : 


V 




3 


- — /X 

<~e Ls<. 



h Z >l - M H 


CT L k si) 
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PROBLEM 7.54 (Continued) 



1(6 - 2 ) = +2 

1(6 + 2 ) = 4 

2 


R = 
tan 20 p = 

20 p = 


V(4) 2 + O) 2 

3 ^ 

4 

36.87° 


= 5 


+ R = 2 + 5 


R = 2-5 


0 p = 18.4°, 108.4° ◄ 


CT max = 7.00 ksi ◄ 


-3.00 ksi A 
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50 MPa 



+ 



' 100 MPa 

50 MPa 

. 1 

• 



1 


75 MPa 





PROBLEM 7.55 

Determine the principal planes and the principal 
stresses for the state of plane stress resulting 
from the superposition of the two states of 
stress shown. 


SOLUTION 


Consider the state of stress on the left. We shall express it in terms of horizontal and vertical components. 

ri 



Principal axes and principal stress : 

% 


56.7 MP a 

vsm 


1 mnpa. 


T 



C(KP<l) 


cr ave = i(l 18.3 + 56.7) = +87.5 
ct - ov l 

— ^ = -(118.3 - 56.7) = 30.8 

2 2 

R = V( 30.8) 2 + (75) 2 = 81.08 

tan 29. = 2 6„ = 67.67° 

p 30.8 p 

^max = CT ave + R = 87 - 5 + 81-08 

^min = ^ave ~ R = 87 - 5 - 81-08 


6 p = 33.8 C> ), and 123.8° ◄ 


= +168.6 MPa 
= +6.42 MPa 


◄ 

◄ 
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o\) 

/^o 

PROBLEM 7.56 

• - 

*'^30° 

> + 4 

• 

/ w 

o 

o 

Determine the principal planes and the principal 
stresses for the state of plane stress resulting from 
the superposition of the two states of stress shown. 


SOLUTION 


Express each state of stress in terms of horizontal and vertical components. 



0 p = O and 90° 0 ◄ 

^max = °~() ^ 
^min “ _(J 0 ^ 
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+ 



PROBLEM 7.57 

Determine the principal planes and the principal 
stresses for the state of plane stress resulting from the 
superposition of the two states of stress shown. 


SOLUTION 

Mohr’s circle for 2nd state of stress: 
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120 MPa PROBLEM 7.58 


For the element shown, determine the range of values of r xy for which the 
maximum tensile stress is equal to or less than 60 MPa. 

20 MPa 



SOLUTION 


Set 

But 


Range of r A;v : 


<j x = —20 MPa a y =- 120 MPa 
^ave =^K +cr ,) = - 70 MPa 

O'max = 60 MPa = <T ave + R 

^ = CT max- Cr ave= 130MPa 



= Vl30 2 -50 2 
= 120.0 MPa 


-120.0 MPa < 


< 120.0 MPa ◄ 
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PROBLEM 7.59 

For the element shown, determine the range of values of t ■ for which the 
maximum in-plane shearing stress is equal to or less than 150 MPa. 


SOLUTION 


Set 


But 


a =-20 MPa a v =-120 MPa 

x y 

±(a x -cr y ) = 50 MPa 

W(in-plane)=^ = 15 °MPa 




fa -a \ 

L _ 

R 2 - 

a x a y 

| | a 


2 

V 


\ J 

= 7 150 2 

-50 2 


= 141.4 MPa 


Range of r xv : 


-141.4 MPa < 


< 141.4 MPa ◄ 
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6 ksi 



16 ksi 



PROBLEM 7.60 

For the state of stress shown, determine the 
range of values of 6 for which the magnitude 
of the shearing stress r x y is equal to or less 
than 8 ksi. 


SOLUTION 


<7 X = -16 ksi, cr = 0 
r ri; = 6 ksi 

Ay 



| T x y | < 8 ksi for states of stress corresponding to arcs HBK and UAV of Mohr’s circle. The angle cp is 
calculated from 

g 

i?sin2® = 8 sin 2 m = — = 0.8 

10 

2(p = 53 . 130 ° (p = 26 . 565 ° 
e k =e b -(p = - 18 . 435 ° - 26 . 565 ° = - 45 ° 
e k = e b + q> = - 18 . 435 ° + 26 . 565 ° = 8 . 13 ° 
e u =e h+ 90 ° = 45 ° 

0 V = 6 k + 90 ° = 98 . 13 ° 

Permissible range of 9 : 6 h < 6 < 6 k -45° < 6 < 8.13° A 

9 U <0<6 V 45° < 6 < 98.13° ◄ 

Also, 135° < 0 < 188.13° and 225° < 6 < 278.13° 
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60 MPa 



PROBLEM 7.61 

For the state of stress shown, determine the 
range of values of 6 for which the normal 
stress <j x , is equal to or less than 50 MPa. 


SOLUTION 





R 


tan 2 0 n 


26> 


90 MPa, <j y = 0 
-60 MPa 


~(<j r + a v ) = 45 MPa 
2 x 



V45 2 + 60 2 = 75 MPa 


2^ = (2)(— 60) = _4 

~ a y 90 3 

-53.13° 

-26.565° 


o x < < 50 MPa for states of stress corresponding to the arc HBK of Mohr’s circle. From the circle, 

Rcos2cp = 50 - 45 = 5 MPa 

cos 2(p = — = 0.066667 
75 

2(p = 86.177° (p = 43.089° 
e h =0 a+( p = -26.565° + 43.089° = 16.524° 

2 6 k = 2d h + 360° -4 <p = 32.524° + 360° - 172.355° = 220.169° 

0 k = 110.085° 

Permissible range of 6 : 9 h < 6 < G k 

16.5° < 6 < 110.1° ◄ 

Also, 196.5° < 6 < 290.1° 
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60 MPa 



PROBLEM 7.62 

For the state of stress shown, determine the 
range of values of 9 for which the normal 
stress (T x , is equal to or less than 100 MPa. 


SOLUTION 


r } (HpO 





R 


tan 2 9 n 


2 6 > 


9 , ' 


90 MPa, <j y = 0 
-60 MPa 


-Or + cr ) = 45 MPa 
2 x 



V45 2 + 60 2 = 75 MPa 


2^ = (2)(-60) = _4 

- oy 90 3 

-53.13° 

-26.565° 


cry < 100 MPa for states of stress corresponding to arc HBK of Mohr’s circle. From the circle, 


R cos 2(p = 100 - 45 = 55 MPa 


cos 2(p = — = 0.73333 
75 

2cp = 42.833° p = 21.417° 

d h =e a + (p = -26.565° + 21.417° = -5.15° 

2 0 k = 2 0 h + 360° -A(p = -10.297° + 360° - 85.666° = 264.037° 
6 k = 132.02° 

Permissible range of 6 is 9 h < 6 < 6 k 

-5.1° < 9 < 132.0° 

Also, 174.8° < 9 < 312.0° 


◄ 
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PROBLEM 7.63 

For the state of stress shown, it is known that the normal and shearing stresses are 
directed as shown and that <j x = 14 ksi, a - 9 ksi, and cr min = 5 ksi. Determine 
(a) the orientation of the principal planes, ( b ) the principal stress <r max , (c) the 
maximum in-plane shearing stress. 


SOLUTION 


cr x = 14 ksi, cr =9 ksi, <r ave = ^(<r x + a ) = 1 1.5 ksi 


^"min ^"ave ^ 


^ ^"a ve ^"min 

= 11.5-5 = 6.5 ksi 


!?: 


''< r x-< r y' i2 


+ T 


xy 


r xy =±.\R z 




:±V6J 2 -2.5 2 = ± 6 ksi 


But it is given that r xy is positive, thus r xy =+6 ksi. 
2r 


( a ) tan 26 = - 


xy 


Vx-Vy 

(2X6) 


: 2.4 


2<9p = 67.38° 



(*) °ina* = ®avc + * 


o'max =18.00 ksi ◄ 


(c) T, 


max (in-plane) 


= i? 


r max (in-plane) ~ 6.50 ksi 4 
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PROBLEM 7.64 

The Mohr’s circle shown corresponds to the state of stress given 
in Fig. 1.5a and b. Noting that a x < = OC + (CX') cos (26^ -29) and 
that r x y = (CX') sin (20 p -26), derive the expressions for a x > and 
r x y given in Eqs. (7.5) and (7.6), respectively. [Hint: Use 
sin(^4 + B) = sin A cos B + cos A sin B and cos (A + B) = cos A cos B - 
sin A sin B.\ 


SOLUTION 

OC = -(cr r + CT v ) CX' = CX 

2 x y 

ex' cos 29 „ = CX cos 29 „ = ° x ° y 

p p 2 

CX' sin 26 n = CX sin 29„ = r rv 

p p x y 

a x ,=OC + CX' cos (29 p -29) 

= OC + CX' (cos 29 p cos 29 + sin 29 p sin 29) 

= OC + CX' cos 29 p cos 29 + CX' sin 29 p sin 29 

CJ + (7 <J — <7 

= — H —cos 20 + r sin 20 

2 2 xy 

T x y = CX'sin(20 p - 20) = CX'(sin 20 p cos 20 - cos 20 p sin 20) 
= CX' sin 20 p cos 20 - CX ' cos 20 p sin 20 

(T, — G 

= r cos 20 -sin 20 

x y '■> 


◄ 


◄ 
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PROBLEM 7.65 

( a ) Prove that the expression ay ay > where cr x ay, and r x y are components of the stress along the 
rectangular axes x' and y\ is independent of the orientation of these axes. Also, show that the given 
expression represents the square of the tangent drawn from the origin of the coordinates to Mohr’s circle. 

( b ) Using the invariance property established in part a , express the shearing stress t xv in terms of cr x , a , and 
the principal stresses cr max and cr min . 


SOLUTION 


(a) From Mohr’s circle, 


t xV = R sin 20 n 

x y p 

=cr avc + R COS 26 p 
<Ty>=° ave - R cos 28 p 


G x ,<J y' T x’y’ 


= a 2 ve - R 2 cos 2 29 p - R 2 sin 2 29 p 


= cr 2 ve - R 2 ; independent of 9 . 


* 



( b ) 


Draw line OK from origin tangent to the circle at K. Triangle OCK is a right triangle. 

2 2 2 

OC = OK + CK 

2 2 2 

OK = OC -CK 




°v°y Uy 


Applying above to <j x , a , and r , and to a a , <j 1 


J b> 



-4 

— ^ a® b ^ ah ~ ^ave it_ 

But 

T ab 

— ® a ~ ^max ’ ®b ~ ^min 

<w 

-T 2 

xy 

— ^max^min 


r 2 

xy 

— ^ y ^~max 


\T 

xy 

— —yj^x^y ^max^min 


The sign cannot be determined from above equation. 
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SOLUTION 

(a) 



^ave =^(14 + 4) = 9 
= 14 -4) = 5 

i? - V( 5 ) 2 + (12) 2 = 13 

°max = CT ave + R = 9 + 13 = 22 
°min = ^ave “ R = 9 ~ 13 = 

Since cr max and cr min have opposite signs, the maximum shearing stress is equal to the maximum in- 
plane shearing stress. 

W = R = 13.00 ksi r max =13.00 ksi ◄ 
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PROBLEM 7.66 (Continued) 


(b) 



^ave = |(21 + 14) = 17.5 
iK-^) = i(21-14) = 3.5 

R = ^/(3.5) 2 + (12) 2 = 12.5 

°max = ^ave + ^ = l 7 - 5 + l 2 ' 5 = 3 0 
^min = CT ave ~ R = l 7 - 5 “ l 2 - 5 = 5 

Since <r max and <r min have the same sign, r max is out of the plane of stress. Using Mohr’s circle through 
O and A , we have 

^max = Umax = U() ksi) W = 15.00 ksi ◄ 
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SOLUTION 

O 



(«) = 1(20 + 10) = 15 

l(a x -a y ) = ±( 20 -10) = 5 

R = V(5) 2 + (12) 2 = 13 
^max = ^ave + R = 15 + 13 = 28 
O'min = ^ e ~R = 15 - 13 = 2 

Since <r max and cr min have the same sign, <r max is out of the plane of stress. Using Mohr’s circle through 
O and A, we have 

^max = Umax = U* ksi) T max = 14.00 ksi ◄ 
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PROBLEM 7.67 (Continued) 



<7 ave = |(12 + 5) = 8.5 

L(a x -a y ) = ±( 12 -5) a 3.5 

/? = 7(3. 5) 2 + (12) 2 = 12.5 
^max = CT ave + ^ = 8.5 + 12.5 = 21 
^min = <?ave “ R = 8 - 5 “ 12.5 = -4 

Since <r max and <r min have opposite signs, the maximum shearing stress is equal to the maximum 
in-plane shearing stress. 

r max = R = 12.50 ksi A 
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SOLUTION 


(a) 


a x = 140 MPa, <j y = 40 MPa, r xy = 80 MPa 

^ave = rK + CT v) = 90 MPa 


R = . 




4=^ 


+ 80 = 94.34 MPa 


(*) 


<r fl = cr ave + 7? = 1 84.34 MPa (max) 

<J b - cr ave ~ R = -4.34 MPa (min) 

a c =0 

r max(in-plane) = a ~ a b) = R = 94 ' 34 MPa 


1 


1 


r max = 7 (Cr max “ ff n,, ) = ^ K “ Oft ) = 94 - 3 MPa 

<j x = 140 MPa, a y = 120 MPa, = 80 MPa 


^ave = ^ (<?x + °> ) = 130 MPa 


R = 


f _ A 2 

_<T y 


+ r 


2 = VlO 2 +80 2 =80.62 MPa 


ay 


<r a = cr ave + i? = 2 10.62 MPa (max) 
<J b = <r ave - R = 49.38 MPa 
<j c = 0 (min) 

^max = o a = 2 1 0.62 MPa <J min = <J C = 0 
^"max (in-plane) = R = 86.62 MPa 


Vax = ^ (^max “^min) = 105.3 MPa 



Vax= 94 -3MPa ◄ 


n (»Pk) 



r max =105.3 MPa ◄ 
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SOLUTION 


(a) 


a x = 140 MPa, cr^ = 20 MPa, r xy = 80 MPa 


CT ave = - Ox + <*y) = 80 MPa 


R = . 


''Vx-Vy' 2 


+ 


r 2 xy =J™ 2 


+ 80 -100 MPa 


(b) 


^=^+* = 80 + 100 = 180 MPa (max) 

<J b = cr ave -* = 80-100 = -20 MPa (min) 

<j c =0 

W(in-plane) = j(<?a ~ °b) = 100 MPa 

r max = J Omax “ ^min ) = 1 ' 00 MPa 

a x = 140 MPa, cr y = 140 MPa, r ^ = 80 MPa 


CT ave =-K+ Cr J ) = 140 MPa 


* = , 


( _ _ \ 2 


+ r 


xy 


— Vo 


+ 80 =80 MPa 


<r a = <r ave + * = 220 MPa (max) 

<J b = cr ave - R = 60 MPa 
<J C = 0 (min) 

W (in-plane) = “ °b) = 80 MPa 

r max = \ Omax “ ^min ) = 1 1 0 MPa 



r max = 100.0 MPa ◄ 

T) CmPO 



r max = 110.0 MPa 4 
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y PROBLEM 7.70 



For the state of stress shown, determine the maximum shearing stress when 
( a ) ct- = 0, ( b ) a- = +60 MPa, (c) cr z = -60 MPa. 


SOLUTION 


The z axis is a principal axis. We determine the other two principal axes by drawing Mohr’s circle for a 
rotation in the xy plane. 




- a y ) = T(30 - 100) = -35 
R = V(35) 2 + (84) 2 = 91 




cr A = cr ave + R = 6 5 + 91 = 156 MPa 
<j b - cr ave - R - 65 - 91 = -26 MPa 


(a) <j z - 0. Point Z corresponding to the z axis is located at O between A and B. Therefore, the largest of 
the 3 Mohr’s circles is the circle we drew through A and B. We have 

r max =R = 91.0 MPa ◄ 

(b) cr z = +60 MPa. Point Z is located between A and B. The largest of the 3 circles is still the circle 
through A and B , and we still have 

2" max = R = 91.0 MPa M 


(c) 


<r_ = -60 MPa. 
through Z and Z. 


Point Z is now outside the circle through A and 5. The largest circle is the circle 


T 

‘'max 


^(ZH) = 2(60 + 156) 


2"max = 108.0 MPa M 
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PROBLEM 7.71 



For the state of stress shown, determine the maximum shearing stress 
when (a) a z = 0, (b) a : = +60 MPa, (c) a z = -60 MPa. 


SOLUTION 



(a) 


(b) 


(c) 


^ave = |(170 + 100) = 135 

X -{CJ X - <T y ) = ±-(170 - 100) = 35 

R = 7(35) 2 + (84) 2 = 91 
cr A = 135 + 91 = 226 MPa 
a B = 135 -91 = 44 MPa 

<j z = 0. Point Z corresponding to the z axis is located at O , outside the circle drawn through A and B. 
The largest of the 3 Mohr’s circles is the circle through O andZ. We have 

W = \{OA) = \°a= ~(226) r max = 1 13.0 MPa ◄ 


<j z = + 60 MPa. Point Z is located between B and A. The largest of the 3 circles is the one drawn 
through A and B. 


r max = B =91.0 MPa A 


g z = - 60 MPa. Point Z is located outside the circle drawn through A and B. The largest of the 8 
Mohr’s circles is the circle through Z andZ. We have 


T 

‘'max 


i(ZA) = ^-(60 + 226) 


r max =143.0 MPa ◄ 
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SOLUTION 




(a) r yz = 17.5 ksi u x = -3 ksi 

R = 4( 6) 2 +(17.5) 2 =18.5 
a A =6 + 18.5 = 24.5 
cj b =6-18.5 = -12.5 

CT max=^= 24 ' 5ksi 

°min = <T B = ~ 12 - 5 ksi 

^"max — 2 l^max ^min) 

(b) Ty; =8 ksi <j x = -3 ksi 

7? = V(6) 2 +(8) 2 =10 

a A =6 + 10 = 16 
a B = 6 -10 = -4 

CT max =er A = I 6 ksi 

7- = °b = - 4 ksi 

^"max — 2 l^max ^min) 





^"max ~ 10.00 ksi A 



^"max = 7.50 ksi< 
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SOLUTION 


(a) 


0 b ) 


V = 17.5 ksi 



7? = 7(6) 2 + (17.5) 2 = 18.5 
=6 + 18.5 = 24.5 
<x B = 6-18.5 = -12.5 
<W = o a = 24 - 5 ksi 

^min = CT s = -12- 5 ksi 

= J_, _ . 

^"max rj f^max ^min/ 



T 

‘'max 

r = 8 ksi 



18.50 ksi ◄ 
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PROBLEM 7.73 (Continued) 


(C) T y: = 0 


R = V(6) 2 + (8) 2 = 10 

(Tj = 6 + 10 — 16 

cr^ = 6 - 10 = -4 

^max — ® A — 16 ksi 

^min = = “IQ ksi 

^"max — "^"(^max ^"min) 

r max = 13.00 ksi A 




ffmax = O z =\2 ksi 
<7 m in =O x = -10 ksi 

C 

^"max 2 k^"max ^min 


W = 11.00 ksi ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 




y PROBLEM 7.74 



For the state of stress shown, determine the value of r xy for which the 
maximum shearing stress is ( a ) 9 ksi, ( b ) 12 ksi. 


SOLUTION 



ci x = 1 5 ksi Gy — 6 ksi 

^ave = + CT v) = 10 - 5 ksi 





4.5 ksi 


For W = 9 ksi > 


center of Mohr’s circle lies at point C. 
Lines marked (a) show the limits on r max . 
Limit on cr max is cr max = 2r max = 18 ksi. 
The Mohr’s circle cr a = a max corresponds 
to point A a . 


R = <J a - cr ave = 18 - 10.5 = 7.5 ksi 

R = + T ly 

T xy = ±V ^ 2 - n 2 

= ±±.5 2 - 4.5 2 

= ±6.00 ksi r„ = ±6.00 ksi -4 

For r max = 12 ksi, 

center of Mohr’s circle lies at point C. 

R = 12 ksi 

T xy = - n 2 

= ±11.24 ksi = ±11.24 ksi M 

xy 


Checking, a a = 10.5 + 12 = 22.5 ksi 
<j b = 10.5-12 = -1.5 ksi 

a c = 0 

r max = ^ ^max “ CT mm ) = 12 ksi (o.k.) 
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SOLUTION 


Assume 


<j x = 120 MPa a y = 70 MPa 
CT ave = + o>) = 95 MPa 



= +60.0 MPa ◄ 


a b =a a -2R = 160 - 130 = 30 MPa > 0 (o.k.) 
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SOLUTION 

c 7 X = -50 MPa, = 48 MPa 

<J V - <7 r 

Let u = — <j = 2m + <r 

2 J 

1 / 

^ave - ~p“ x + °y’ ~ a x +U 
R = p + 4 u = ±p 2 - r% 
Casetl) r max = R = 73 MPa, u = ++3 2 - 48 2 = +55 MPa 

(la) w = +55 MPa cr y - 2u + cf x - 60 MPa 

^ave =\(< T x+ a v> = 5 MPa 

<J a = cr ave + /? = 78 MPa, G b = cr ave - R = -68 MPa 

= 0 Cmax = 78 MPa > CT mm = ~ 68 MPa, r max = 73 MPa 

(lb) u = -55 MPa <t v = 2w + cr x = -160 MPa (reject) 

CT ave = + ay) = -105 MPa, <r a = cr ave + 7? = -32 MPa 

= °"ave - R = -178 MPa, CT c = 0, <J max = 0 

°min = -I 78 MPa, r max = ^-(<T max - <T min ) = 89 MPa + 73 MPa 


<j y = 60.0 MPa ◄ 
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PROBLEM 7.76 (Continued) 


Case (2) Assume = 0 . r max = |(<7 max - <J min ) = 73 MPa 

^min = “ 146 MPa = a b 

°b = ^ave - R = + u ~ \P + 4. 

\P + ^ =~ CJ x +u -°b 

w 2 + 4- = K - <^) 2 + 2 K - ^/,)» + w 2 

2[| = ^.-K-^=(4 8 )^-(-50-M46)^_ 72Mpa 
cr^ - a b -50 + 146 

u = -36 MPa cr >; = + cr x = -122 MPa 

7? = ^h 2 + r£, = 60 MPa 
<r a = <r 6 + 27? = -146 + 120 = -26 MPa (o.k.) 


-122.0 MPa ◄ 
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SOLUTION 


°x = 14 ksi ’ T xy = 8 ksi > ^max = 10 ksi 


Let 


°y-°x 

u = — 


(jy=2U + (T X 


1, 

-K + <0 = ^ + « 


1 


R = Ju + T 


xy 


4 1 


u = ±+lR 2 - T 2 


xy 


Case (1) 


r max = ^ = 10 ksi, u - ±6 ksi 


(la) u - +6 ksi cj v = 2ii + o x = 26 ksi (reject) 

^ave = ^Ox + = 20 ksi > ^ = ^ave + R = 30 ksi, O b = CT ave - i? = 10 ksi 

<W = 30 ksi > % = 0, r max = |(cr max - cr mm ) = 15 ksi ^ 7.5 ksi 


(lb) 


u = -6 ksi cr = 2w + ov. = 2 ksi 


^ave = “Ox + °y) = 8 ksi > ^ = ^ave + ^ = 18 ksi > °b = ^ave “ ^ = “ 2 ksi 


cTmax = 18 ksi, cr min = -2 ksi, r max = ^-(cr max - cr^J - 10 ksi (o.k.) 


cr = 2.00 ksi A 
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PROBLEM 7.77 (Continued) 


Case (2) 


Assume <r min = 0. 


^max 2 Cnax 2 ^ k ^i ^ a 


CT a = ^ave + R = ^ + T ly 


cj„ - cr v - u = A \u 2 + r 2 

Ay 


i h 


K - - M ) 2 = “ 2 + r . 2 




K - CT J 2 - 2 K - + “ 2 = “ 2 + 4 

2 o2 


2u 


K - - 4 _ (20 - 14) 2 - 8 


cr„ - cr v 


20-14 


-4.6667 ksi 


u = -2.3333 ksi <j v = 2m + <y Y = 9.3333 ksi 

y x 

cr ave = ^( a x + a y) = 1 1.6667 ksi R = <ju 2 + t ^ = 8.3333 ksi 
<J a = cr ave + /? = 20 ksi <J b = <r ave - R = 3.3334 ksi 


^max = 20 ksi > ^min = °> ^nax = 10 k si 


9.33 ksi A 
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SOLUTION 


<j x = 60 MPa, <t z =0, <j y = 100 MPa 
For Mohr’s circle of stresses in zx plane, 


1, 

°"axc 2 


2 


Assume <r max = <7 =100 MPa 

^min — ~ ^max — ^ ^"max 

= 100 - (2X60) = -20 MPa 

R = a avc ~ a b 

= 30 - (-20) = 50 MPa 

°a = CT ave + R 

= 30 + 50 = 80 MPa < 

r = V“ 2 + 4 

r xz = - M 2 

= ±V50 2 - 30 2 = ± 40 MPa 


r z ) = 30 MPa 
= 30 MPa 


HI (MP.O 



-40.0 MPa < t xz < 40.0 MPa ◄ 
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SOLUTION 


<j x = 90 MPa, <j z = 0, r xz = 60 MPa 
Mohr’s circle of stresses in zx plane: 


^ave = j( a x + a z) = 45 MPa 


R = 


f \ 2 

°x~°y 


+ r 2 = V45 2 + 60 2 = 75 MPa 


<r a = <r ave + R = 120 MPa, cr h = cr ave - R = -30 MPa 



Assume 


°max = = 120 MPa. 


o" — cj . — (j — 2r 

y mm max max 


= 120 - (2)(80) 


cr„ = -40.0 MPa ◄ 


Assume 


ff n„n = °b = -3° MPa - 


^max ^min 2 Anax 


-30 + (2)(80) 


<x„ = 130.0 MPa ◄ 
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y PROBLEM 7.80* 




For the state of stress of Prob. 7.69, determine (a) the value of G y 
for which the maximum shearing stress is as small as possible, 
(b) the corresponding value of the shearing stress. 


SOLUTION 

Let 


= °x~ 2u 


1 / 

CT ave = T( CT x + = <7* - W 


■ = Jk 


R - Ju 2 + T 2 y 


< J a=° ave+^ = (7 x-« + > 2 + T ly 


a b ~ ^ave ~R-O x -U- x ju 2 + T^, 


■{ U 

■yf* 


Assume r max is the in-plane shearing stress. r max = R 
Then W (in-plane) is minimum if u = 0. 

G y = <j x - 2u = <j x = 140 MPa, <r ave = g x — u — 140 MPa 

R = |r xv | = 80 MPa 

i i 

G a = C7 ave +R = 140 + 80 = 220 MPa 
a b = o- ave - R = 140 - 80 = 60 MPa 

^max = 220 MPa > ^min = °> ^max = \ ( CT max “ CT min ) = 1 1 0 MPa 

Assumption is incorrect. 


Assume 


^max ^ a ^ave ^ ^ x ^ \j l 


u 2 + r% 


^min = 0 


d G, 


du 


^ = -1 + 


4 


^"max 2 ^^max ^Vnin ) ^ ^ a 


^ 0 (no minimum) 


“ 2 + T xy 
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r; 

PROBLEM 7.81 



100 MPa s t a t e of plane stress shown occurs in a machine component made of a steel with 



k g y = 325 MPa. Using the maximum-distortion-energy criterion, determine whether 



°o yield will occur when ( a ) g 0 = 200 MPa, ( b ) g 0 = 240 MPa, (c) g 0 = 280 MPa. If 


't 

yield does not occur, determine the corresponding factor of safety. 


SOLUTION 








f ^ ^ \ 

rr — rr 

2 




°ave ~~ °0 ^ ~ \ 

u X u y 

+ z 2 xy =100 MPa 




2 J 


(a) 

Gq = 200 MPa 

cr ave = - 200 MPa 






<J a = cr ave + R = -100 MPa, 

a b = cr ave - R = -300 MPa 




^cr; + cr 2 b - cr a <J b = 264.56 MPa < 325 MPa 

(No yielding) 



325 

F.S = 

264.56 



F.S. = 1.228 ◄ 

(b) 

Gq = 240 MPa 

<r ave = -240 MPa 






<J a = <J ave + R = -140 MPa, 

<7 b = cr ave - R = -340 MPa 




^u 2 + cr b - a a o h = 295.97 MPa < 325 MPa 

(No yielding) 



325 

F.S.= 

295.97 



F.S. = 1.098 ◄ 

(0 

Gq = 280 MPa 

= -280 MPa 






<y a = ^ave + R = -180 MPa, 

cr b = <J ave - R = -380 MPa 




- (T a (T b = 329.24 MPa > 325 MPa 


(Yielding occurs) 4 
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PROBLEM 7.82 

Solve Prob. 7.81, using the maximum-shearing-stress criterion. 

PROBLEM 7.81 The state of plane stress shown occurs in a machine component 
made of a steel with cr Y ~ 325 MPa. Using the maximum-distortion-energy criterion, 
determine whether yield will occur when (a) cr 0 = 200 MPa, ( b ) a 0 = 240 MPa, 
(c) cr 0 = 280 MPa. If yield does not occur, determine the corresponding factor of 
safety. 


SOLUTION 


: -CTn 


R = < 


r <Tx-°y' <i 


+ C =100 MPa 

xy 


(a) 


200 MPa: 


-200 MPa 


cr = cr +R = - 100 MPa 


a ave 


u b = <7 ave - R = -300 MPa 




2 ^"max ^max ^min 


-300 MPa 

= 300 MPa < 325 MPa 


F.S.= 


(b) a 0 = 240 MPa : cr a , 


325 

300 

-240 MPa 


<r a = cr ave + R = _ 140 MPa, a b = <r ave - R = -340 MPa 

CT max = °> ^min = - 340MPa 


2 W = ^max “ °min = 340 MPa > 325 MPa 


(c) cr 0 = 280 MPa : cr ave = -280 MPa 


<J a = cr ave + R = -1 80 MPa, 


cr h = <r ave - i? = -380 MPa 


^max 


-380 MPa 


2 Vax = ^max “ ^min = 380 MPa > 325 MPa 


(No yielding) 
F.S. = 1.083 ◄ 


(Yielding occurs) M 


(Yielding occurs) M 
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| 21 ksi 
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PROBLEM 7.83 

The state of plane stress shown occurs in a machine component made of a steel with 
<j y = 45 ksi. Using the maximum-distortion-energy criterion, determine whether 
yield will occur when (a) r xy = 9 ksi, ( b ) = 18 ksi, (c) r xy = 20 ksi. If yield does 

not occur, determine the corresponding factor of safety. 


SOLUTION 


(J x = 36 ksi, a y = 21 ksi, <r z = 0 


For stresses in xy plane, 


CT,ve = ~(Px + °y) = 28 - 5 ksi 


7.5 ksi 


(a) T xy = 9 ksi 7? = 


/ A 2 

^ ~ 


+ r 2 , = ^/(7.5) 2 + (9) 2 = 11.715 ksi 


a a = cr ave + /? = 40.215 ksi, a b = cr ave - R - 16.875 ksi 


V5 


2 + of - <r a cr 6 = 34.977 ksi < 45 ksi 


F.S. = 


45 


39.977 


(*) = 18 ksi 7? = 




+ = ^/(7.5) 2 + (18) 2 = 19.5 ksi 


cr a = <7 ave + 7? = 48 ksi, a b 


R = 9 ksi 




2 + of - <r a <r 6 = 44.193 ksi < 45 ksi 


F.S. = 


45 


44.193 


(c) 


t„, = 20 ksi R 

xy 



\ 

2 


1 °X - G y 

+ T ly 

-Vc 

9 

1 V 

J 




G a = cr ave + /? = 49.86 ksi, a b = cr ave - /? =7.14 ksi 
+ a b - a a G b - 46.732 ksi > 45 ksi 


(No yielding) 
F.S. = 1.287 ◄ 


(No yielding) 
F.S. = 1.018 ◄ 


(Yielding occurs) A 
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PROBLEM 7.84 

Solve Prob. 7.83, using the maximum-shearing-stress criterion. 

PROBLEM 7.83 The state of plane stress shown occurs in a machine component 
made of a steel with a Y = 45 ksi. Using the maximum-distortion-energy criterion, 
determine whether yield will occur when (a) r xy - 9 ksi, ( b ) r xy =18 ksi, 
(c) T xy = 20 ksi. If yield does not occur, determine the corresponding factor of 
safety. 


SOLUTION 


c - 36 ksi, a = 21 ksi, <j = 0 


For stress in xy plane 
(a) 


<?ave = + CO = 2 §-5 ksi 


<J V ~ <J 


y_ _ 


(b) 


(c) 


t xv = 9 ksi R = 


- cr„ 


J 


= <r ave + R = 40.215 ksi, ci b 
= 34.977 ksi, cr • = 0 


2 Vox = O'max - O'min = 40.215 ksi < 45 ksi 


+ tL = 11.715 ksi 

xy 


R = 16.875 ksi 


F.S. = 


45 


xy 


40.215 
18 ksi R 




+ r xv = 19.5 ksi 

xy 


G a = ^ave + R = 48 ksi, a b = <T ave - R = 9 ksi 


2z„ 


48 ksi <r min = 0 


CT max - O’min = 4 8 ksi > 45 ksi 


*xy = 20 ksi R = 




+ r^y =21.36 ksi 


J 


<J a = <J ave + R = 49.86 ksi a h = - R =7.14 ksi 


= 49.86 ksi (T m ,„ = 0 


2 W = O'max - 7,„n = 49.86 ksi > 45 ksi 


= 7.5 ksi 


(No yielding) 
F.S. = 1.119 ◄ 


(Yielding occurs) A 


(Yielding occurs) ^ 
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PROBLEM 7.85 

The 38-mm-diameter shaft AB is made of a grade of steel for which the yield 
strength is a Y = 250 MPa. Using the maximum-shearing-stress criterion, 
determine the magnitude of the torque T for which yield occurs when 
P = 240 kN. 


SOLUTION 


From torsion: 


P = 240 x 10 3 N 

^ d 2 = 

4 4 


A = —d 2 = — (38) 2 = 1.13411 x 10 3 mm 2 = 1.13411 x 10 _3 m 2 


_P_ 

x ~ A ~ 1.13411 xlO" J 
er y =0 

_l, . 1 

^ave 2 ' 2 ^ x 


240 * 1() = 21L62 x 1q6 pa = 21L62 Mpa 


R = 


f _ \ 2 

a x ~ G y 


2 / 1 2 2 

+ r xy ~ \l^ a x + 


2r max = = Ja? + 4r^ = cr v 


4 4- = °Y 2 - 


U;v = ^V 0-2 -^ 2 = |V250 2 - 211.62 2 


r<> ' ./ 


66.553 MPa = 66.553 x 10 ft Pa 
Tc 


Jtxv 


"38V 

X 2 y 


j 71 4 7T 

C = I <5? = 19 X 10“ 3 m 
2 


204.71 x 10 3 mm 4 = 204.71 x 10 _9 m 4 


T = 


(204.71 x 10 _y )(66.553 x 10 6 ) 


19x10 


-3 


111 N • m 
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PROBLEM 7.86 

Solve Prob. 7.85, using the maximum-distortion-energy criterion. 

PROBLEM 7.85 The 38-mm-diameter shaft AB is made of a grade of steel 
for which the yield strength is cr Y = 250 MPa. Using the maximum-shearing- 
stress criterion, determine the magnitude of the torque T for which yield 
occurs when P = 240 kN. 
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PROBLEM 7.87 

The 1.5 -in. -diameter shaft AB is made of a grade of steel with a 42-ksi tensile yield 
stress. Using the maximum-shearing-stress criterion, determine the magnitude of the 
torque T for which yield occurs when P = 60 kips. 


SOLUTION 


P = 60 kips 


A = —d 1 = —(1.5 f = 1.76715 in 2 
4 4 


_ _P__ 60 

“ A ~ 1.76715 


= -33.953 ksi 


a y =0 


= tK + <7 V ) = T°jc 


R = 


f °x -g / 2 


2 / 1 2 2 

+ r w - \ 7^ + 


From torsion, 


2 W =2R = <[(£ + 4t^ = a Y 


4 U, = ^ - cr: 


,2 _2 
7 




_ 1 /” 2 2 


— -s/42 2 - 33.953 2 


Tc 

Txy ~ J 


= 12.3612 ksi 

j _ ^ T xy 

c 


c = —d = 0.75 in. 

2 

J = — c 4 = 0.49701 in 4 


(0.49701)(12.3612) 
0.75 
8.19 kip • in. 


◄ 
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PROBLEM 7.88 

Solve Prob. 7.87, using the maximum-distortion-energy criterion. 

PROBLEM 7.87 The 1.5 -in. -diameter shaft AB is made of a grade of steel with a 
42-ksi tensile yield stress. Using the maximum-shearing-stress criterion, determine 
the magnitude of the torque T for which yield occurs when P = 60 kips. 


SOLUTION 


P = 60 kips 

A = —d 2 = — (1.5) 2 = 1.76715 in 2 


_P_ 

A 


60 


<jy= 0 


1.76715 
1 


-33.953 ksi 


*^ave ~ CT v ) ,, 


7? = 


/ \ 

2 , 

a x~ a y 

+ x 1 = J 

2 

^ v 

v J 

v 


1 ? 2 

-cr + r 

^ x xy 


^ a ^ave ^ 

°b ~ ^ave — ^ 

+ cr 2 - = (cr ave + 7?) 2 + (<7 ave - 7?) 2 - (cr ave + 7?)(< J ave - 7?) 

= °"ave + 2<7 ave T? + 7? 2 + cr 2 ve - 2<J ave 7 ? + 7? 2 - cr 2 ve + 77 2 


= O-ave + 37? 

= — cr 2 + 3 
4 * 


1 2 2 

— cr + r 

4 x 


XJ 


= c7 2 + 3r^ = c7 2 


From torsion, 


3 r 


xy 


A)- jt'Im 


y/3 

jT r 


33.953 2 


ji _ xy 
C 


^ V3 l 7 

= 14.2734 ksi 

Tc 

T xy ~ j 

c = — J = 0.75 in. 

2 

J = —c 4 = — (0.75) 4 = 0.49701 in 4 
2 2 

„ (0.49701)(14.2734) n . £1 . . 

T = — 4 = 9.46 kip • in. 

0.75 
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100 MPa PROBLEM 7.89 



The state of plane stress shown is expected to occur in an aluminum 
casting. Knowing that for the aluminum alloy used o UT = 80 MPa and 
<j uc = 200 MPa and using Mohr’s criterion, determine whether rupture 
of the casting will occur. 


SOLUTION 


ci x = 10 MPa, 

G y — —100 MPa, 


t xv = 60 MPa 

xy 


o- x +cr v 10-100 


-45 MPa 


R = . 




r 2 xy = V(55) 2 + (60) 2 =81.39 MPa 


a a = cx ave + = -45 + 8 1 .39 = 36.39 MPa 

£7^, = cr ave — R = —45 — 81.39 = -1 26.39 MPa 

Equation of 4th quadrant of boundary: 

°b =1 

° UT ° UC 

3639_(- 12639) =1 087>1 
80 200 



Rupture will occur . 4 
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75 MPa 


32 MPa 


PROBLEM 7.90 

The state of plane stress shown is expected to occur in an aluminum casting. 
Knowing that for the aluminum alloy used <j ut = 80 MPa and cr uc = 200 MPa 
and using Mohr’s criterion, determine whether rupture of the casting will 
occur. 


SOLUTION 


<j x = -32 MPa, 

<r y = 0 , 

t = 75 MPa 

O'ave = + °y ) = ~ 16 MPa 

+ r 2 xy = ^/(16) 2 +(75) 2 = 76.69 MPa 

KV " 7 

(T a = <j ave + R = -16 + 76.69 = 60.69 MPa 
<r b =a me -R = - 16 - 76.69 = -92.69 MPa 

Equation of 4th quadrant of boundary: 

<h = , 

a UT G UC 

60.69 (-92.69) , , 

= 1.222 >1 

80 200 




Rupture will occur . 4 
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PROBLEM 7.91 

The state of plane stress shown is expected to occur in an aluminum casting. 
Knowing that for the aluminum alloy used o UT - 10 ksi and cr uc = 30 ksi 
and using Mohr’s criterion, determine whether rupture of the casting will occur. 


SOLUTION 


<j x = -8 ksi, 

<r y = 0 , 

r xy =7 ksi 


^ave =TK +Cr v) = - 4ksi 


R = . 




+ r; 


xy 


=4? 


+ T = 8.062 ksi 


C7 a — cr ave + R — —4 + 8.062 — 4.062 ksi 
c 7 b = cr ave - R = -4 - 8.062 = -12.062 ksi 

Equation of 4th quadrant of boundary: 

<? b =1 

<*ut G uc 

^- ( - 12 -° 62) = 0.8Q8 <! 

10 30 


e k (ic»0 



No rupture . A 
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i5 ksi PROBLEM 7.92 

— ► 9 ksi The state of plane stress shown is expected to occur in an aluminum casting. 

Knowing that for the aluminum alloy used cr UT = 10 ksi and o uc - 30 ksi 
and using Mohr’s criterion, determine whether rupture of the casting will occur. 

2 ksi 



SOLUTION 


cr = 2 ksi, 


a = -15 ksi, 

T xy = 9ksi 


^ave =f( ( 7 x +Cr v) = - 6 - 5 ksi 


R = 




+ T 


xy 


■■'Js. . 


5 2 +9 2 =12.379 ksi 


o a = cr ave +R = 5.879 ksi 
<J b = <r ave -R = -18.879 ksi 

Equation of 4th quadrant of boundary: 

a a a b ~\ 

° UT &UC 

5j79_ (-18.879) =L217>1 
10 30 


S- b (k„) 



Rupture will occur . M 
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8 ksi 


T 0 


PROBLEM 7.93 

The state of plane stress shown will occur at a critical point in an aluminum 
casting that is made of an alloy for which g ut = 10 ksi and o uc = 25 ksi. 
Using Mohr’s criterion, determine the shearing stress r 0 for which failure 
should be expected. 


SOLUTION 






O 

x = 8 ksi, 




G 

,=°. 




II 




1 

^ave - T 

( CT * 

+ <7y) 

= 4 ksi 



Z 





(Its! ^ 




r - 

\ 

2 ^ 



*-{ 


2 J 

+ T ly ~\l 42 +T 0 


/ 

1 

\ IM* ^ 

l 

o = ± 

7r 2 

-4 2 



/ 

i 

2 

S 

o 

'« =<7 

ave + R - (4 + R) ksi 


/ 

J 

1 

o 

'b = ° 

ave 

R = {4- R) ksi 








-|0 > 


Since |<r ave < R , stress point lies in 4th quadrant. Equation of 4th quadrant boundary is 




G 

b =i 




g ut 

G UC 



4 + R 

4- 

R , 






= 1 



10 

25 




( 1 

1 ^ 


4 4 



1 

R = 1 




Uo 

25 J 


_ To + 25 





R = 5.429 ksi r 0 = +V 5.429 2 - 4 2 

T o 

= ±3.67 ksi 4 
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80 MPa 


To 


PROBLEM 7.94 

The state of plane stress shown will occur at a critical point in a pipe made of 
an aluminum alloy for which <j ut = 75 MPa and a uc =150 MPa. Using 
Mohr’s criterion, determine the shearing stress r 0 for which failure should be 
expected. 


SOLUTION 


<j = -80 MPa, 


G y ~ 0? 


L xy ~ 

^ave =\(^x +( 7 y) = ~ 40 MPa 


R 




+ T 


xy 


■^4(y+T% MPa 


G a - CT ave + R 
— ^"avc — R 

t 0 =±x[r 2 -40 2 

Since |<T ave | < R, stress point lies in 4th quadrant. Equation of 4th quadrant boundary is 

Oft _ l 


U UT U UC 

-40 + R -40 -R 


75 


150 


= 1 


R R , 40 40 , „„„ 

— + = 1 + = 1.2667 

75 150 75 150 

R = 63.33 MPa, r 0 = ±V63.33 2 - 40 2 



r n = +8.49 MPa ◄ 
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PROBLEM 7.95 




The cast-aluminum rod shown is made of an alloy for which 
g ut =70 MPa and g uc =175 MPa. Knowing that the magnitude T 
of the applied torques is slowly increased and using Mohr’s criterion, 

T 

' 


determine the shearing stress r 0 that should be expected at rupture. 


SOLUTION 


= 0 
= 0 



Since |cr ave | < R, stress point lies in 4th quadrant. Equation of boundary of 4th quadrant is 


gi b 1 

a UT a UC 


R 

70 



f— + — 1 

v 70 175 y 


R = 1 


R = 50 MPa 


■ R 


t 0 = 50.0 MPa ◄ 
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PROBLEM 7.96 

The cast-aluminum rod shown is made of an alloy for which 
cr UT = 60 MPa and a uc = 120 MPa. Using Mohr’s criterion, 
determine the magnitude of the torque T for which failure should 
be expected. 


SOLUTION 


P = 26 x 1 0 3 N A = —( 32) 2 = 804.25 mm 2 = 804.25 x 1 0" 6 m 2 
4 


26x10 


A 804.25x10 


-6 


= 32.328 x 10° Pa = 32.328 MPa 


^ave =-(<r* + v y ) = -(32.328 + 0) = 16.164 MPa 
1 


- y - - ^-(32.328 - 0) = 16.164 MPa 


<J a = cr ave + 7? = 16.164 + 7? MPa 
ex b = ex ave - 7? = 16. 164 - 7? MPa 


Since |<x ave I < R , stress point lies in the 4th quadrant. Equation of the 4th quadrant is 



cr , ci h _ } 16.164 + R 16.164 - R 

g ut g uc 


60 


120 


60 120 


R = 1- 


16.164 16.164 


60 


120 


R = 34.612 MPa 


R = 




J 


+ T xy T xy~AR ~ 


r °x~°y ^ 2 


= V34.612 2 -16.164 2 = 30.606 MPa 


= 30.606 xl0 b Pa 


For torsion, 




— = where c = — d = 16 mm = 16x10 3 m 

J nc 2 


T = ^c\ y = y (16 x 10~ 3 ) 3 (30.606 x 10 6 ) 


7 = 196.9 N-m ◄ 
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(a) ( b ) (c) 


PROBLEM 7.97 

A machine component is made of a grade of cast 
iron for which o UT = 8 ksi and cr uc = 20 ksi. For 
each of the states of stress shown, and using Mohr’s 
criterion, determine the normal stress cr 0 at which 
rupture of the component should be expected. 


SOLUTION 


(a) a a = a 0 

1 

a b -“°o 

Stress point lies in 1st quadrant. 



Stress point lies in 4th quadrant. Equation of 4th quadrant boundary is 

^ °b = l 

° UT G UC 

°~0 ~ 2 (J 0 _ | 

8 20 

(c) ci a = cr () , o b = -<t 0 , 4th quadrant 

2 a 0 ~°~0 _ | 

8 20 


cr 0 = 8.00 ksi ^ 


cr () = 6.67 ksi ^ 


cr () = 8.89 ksi 4 
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PROBLEM 7.98 

A spherical pressure vessel has an outer diameter of 3 m and a wall thickness of 12 mm. Knowing that for 
the steel used cr a n = 80 MPa, E = 200 GPa, and v= 0.29, determine (a) the allowable gage pressure, ( b ) the 
corresponding increase in the diameter of the vessel. 


SOLUTION 

r = —d - t = 2(3) - 12 x 10“ 3 = 1.488 m 
2 2 

°"aii = 80 x 10 6 Pa 

pr 

(a) (ji = = — 

1 2 it 

_ 2/cr, _ (2)02 x 10“ 3 )(80 x 10 6 ) 

P ~ ~ L488 

p = 1.290 x 10 6 Pa p = 1.290 MPa ◄ 

(b) £\ = f (ct, - vc t 2 ) 

E 

= — — — <Ti = 1 ~ ° ,29 0 (80 x 10 6 ) = 284 x 10“ 6 
E 200 xlO 9 

Ad = ds x = (3X284 x 10“ 6 ) = 852 x 10“ 6 m Ad = 0.852 mm ◄ 
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PROBLEM 7.99 

A spherical gas container having an inner diameter of 5 m and a wall thickness of 24 mm is made of steel 
for which E = 200 GPa and v = 0.29. Knowing that the gage pressure in the container is increased from zero 
to 1.8 MPa, determine (a) the maximum normal stress in the container, ( b ) the corresponding increase in the 
diameter of the container. 


SOLUTION 

p - 1.8 MPa 

r = -d-t = -(5) - 24 x 10“ 3 = 2.476 m 
2 2 

(a) ai = a 2 = — = (1 ' 8)(2 ' 476) = 92.850 MPa 

It (2)(24xl0“ 3 ) 

s, = — ((j, - ua 2 ) = - — —<7, = — — (92.85 x 10 6 ) = 329.6 // 
E 2 E 1 200 x 10 9 

(b) A d = cls { = (5)(329.6 x 10" 6 ) = 1.648 x 10^ 3 m 


cr = 92.9 MPa ◄ 


Ad = 1.648 mm M 
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PROBLEM 7.100 

The maximum gage pressure is known to be 1150 psi in a spherical steel pressure vessel having a 10-in. outer 
diameter and a 0.25-in. wall thickness. Knowing that the ultimate stress in the steel used is <Ju - 60 ksi, 
determine the factor of safety with respect to tensile failure. 
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PROBLEM 7.101 

A spherical pressure vessel of 750-mm outer diameter is to be fabricated from a steel having an ultimate stress 
<Ju = 400 MPa. Knowing that a factor of safety of 4.0 is desired and that the gage pressure can reach 4.2 MPa, 
determine the smallest wall thickness that should be used. 


SOLUTION 

i . 

r = —a - t 
2 



= ^(0.750 m)-/ 



= 0.375? (m) 


We have 

pr 

^max = CT\ = CT 2 = ~ ~ 


and 

F.S. = ° u 



^max 


Combining these two equations gives 



F.S. = ltGu 



pr 


or 

2 (jjjt = (F.S.Xpr 


Substituting for r gives 

2(400 x 10 6 Pa)/ = (4)(4.2 x 10 6 Pa)(0.375 - /) 



816.80 xlO 6 / = 6.30 x 10 6 



t = 7.71 x 10 -3 m 

t = 7.71 mm A 
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PROBLEM 7.102 


A spherical gas container made of steel has a 20-ft outer diameter and a wall thickness of ^ in. Knowing that 
the internal pressure is 75 psi, determine the maximum normal stress and the maximum shearing stress in the 
container. 
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PROBLEM 7.103 


A basketball has a 300-mm outer diameter and a 3-mm wall thickness. Determine the normal stress in the wall 
when the basketball is inflated to a 120-kPa gage pressure. 
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PROBLEM 7.104 

The unpressurized cylindrical storage tank shown has a 5 -mm wall thickness 
and is made of steel having a 400-MPa ultimate strength in tension. 
Determine the maximum height h to which it can be filled with water if a 
factor of safety of 4.0 is desired. (Density of water = 1000 kg/m 3 .) 


SOLUTION 


but 


d 0 = 8 m 

t = 5 mm = 0.005 m 


°all “ 


= -d -t = 4 - 0.005 = 3.995 m 
2 

- En. - 400 MPa = 100 MPa = 100 x 10 6 Pa 


F.S. 


4.0 


} all 


pr 

t 


^ = (0.005 m) (100x 10>Pa) = ^ ^ x ^ 
r 3.995 m 


P 

h 


PgK 

p _ 125.156 x IQ 3 Pa 

pg ~ (1000 kg/m 3 )(9.81 m/s 2 ) 


12.7580 m 


h = 12.76 m 4 
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PROBLEM 7.105 

For the storage tank of Prob. 7.104, determine the maximum normal stress 
and the maximum shearing stress in the cylindrical wall when the tank is 
filled to capacity (h = 14.5 m). 

PROBLEM 7.104 The unpressurized cylindrical storage tank shown has a 
5 -mm wall thickness and is made of steel having a 400-MPa ultimate strength 
in tension. Determine the maximum height h to which it can be filled with 
water if a factor of safety of 4.0 is desired. (Density of water = 1000 kg/m 3 .) 


SOLUTION 




-> 

1 13.7 MP * > 


d 0 = 8 m 


t — 5 mm = 0.005 m 

r = -d-t = 4 - 0.005 = 3.995 m 
2 

p = pgh = (1000 kg/m 3 )(9.81m/s 2 )(l 4.5 m) 
= 142.245 xlO 3 Pa 


cr, = 


pr_ _ (142,245 x IQ 3 Pa)(3.995 m) 
t 0.005 m 


- 113.654 x 10° Pa 


^min ~ 0 


^"max 2 ^ ^max ^min) 


^ = H3.7 MPa ◄ 
W = 56 - 8 MPa < 
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PROBLEM 7.106 

The bulk storage tank shown in Photo 7.3 has an outer diameter of 3.3 m and a wall thickness of 18 mm. At a 
time when the internal pressure of the tank is 1.5 MPa, determine the maximum normal stress and the 
maximum shearing stress in the tank. 


SOLUTION 

r = --t = — -18xl0“ 3 = 1.632 m, t = 18xl0“ 3 m 
2 2 

^=( 1 .5xl0^Pa)(1.632 m ) =136xl()6pa 

t 18 x 10 _3 m 

<r max = crj = 136 x 10 6 Pa cr max = 136.0 MPa A 

^min =~P ~ 0 

W = ^(<W - ^min) = 68 x 10 6 Pa r max = 68.0 MPa ◄ 
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PROBLEM 7.107 

A standard- weight steel pipe of 12-in. nominal diameter carries water under a pressure of 400 psi. 
(a) Knowing that the outside diameter is 12.75 in. and the wall thickness is 0.375 in., determine the maximum 
tensile stress in the pipe. ( b ) Solve part a , assuming an extra-strong pipe is used of 12.75-in. outside diameter 
and 0.5-in. wall thickness. 


SOLUTION 

( a ) d 0 = 12.75 in. t = 0.375 in. r = ^-<7 () - t = 6.00 in. 

pr (400)(6.00) . 

cr = — = — = 6400 psi 

t 0.375 

( b ) d 0 = 12.75 in. t- 0.500 in. r = ^d 0 - 1 = 5.875 in. 

g = £ r = (400X5.875) =47(K) 
t 0.500 


cr = 6.40 ksi A 


cr = 4.70 ksi A 
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PROBLEM 7.108 

A cylindrical storage tank contains liquefied propane under a pressure of 1.5 MPa at a temperature of 38°C. 
Knowing that the tank has an outer diameter of 320 mm and a wall thickness of 3 mm, determine the 
maximum normal stress and the maximum shearing stress in the tank. 


SOLUTION 

d 320 . 1 __ 1 __ 1 3 

r t = 3 = 157 mm = 157 x 1 0 3 m 

2 2 

t = 3 x 1 0 3 m 



^ = (1.5xl0^Pa)(157xl0-m) = 78 5 xl()6pa 
t 3 x 10 -3 m 



<W = 0 i = 78.5 x 10 6 Pa 

CT max = 78 ' 5 MPa < 


7™, = ~P ~ 0 



^max = hcr ma x - CT mln ) = 39.25 x IQ 6 Pa 

V ax =39.3 MPa ◄ 
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PROBLEM 7.109 

Determine the largest internal pressure that can be applied to a cylindrical tank of 5. 5 -ft outer diameter and 
-|-in. wall thickness if the ultimate normal stress of the steel used is 65 ksi and a factor of safety of 5.0 
is desired. 


SOLUTION 

(jjj 65 ksi ioi • i o i a3 

<Ti = — — = = 13 ksi = 13 x 10 psi 

1 F.S. 5.0 



r = d t = (5 ' 5)(12 1 0.625 = 32.375 in. 

2 2 



pr ta, (0.625V13 x 10 3 ) 

CJ i = p = — L = — 

t r 32.375 

p = 251 psi A 
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PROBLEM 7.110 

A steel penstock has a 36-in. outer diameter, a 0.5-in. wall 
thickness, and connects a reservoir at A with a generating station 
at B. Knowing that the specific weight of water is 62.4 lb/ft 3 , 
determine the maximum normal stress and the maximum shearing 
stress in the penstock under static conditions. 


SOLUTION 

r = —d - t = -(36) - 0.5 = 17.5 in. 
2 2 



p - rh - (62.4 lb/ft 3 )(500 ft) = 31.2 x 10 3 lb/ft 2 



= 216.67 psi 



P r = (216.67X17.5) = 
1 t 0.5 



^max = = 7583 psi 

CT min ~ ~P = -217 psi 

^max = 7.58 ksi ◄ 


r max = ^(°max “ °min) = 3900 psi 

W = 3 - 90 ksi < 
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PROBLEM 7.111 

A steel penstock has a 36-in. outer diameter and connects a reservoir 
at A with a generating station at B. Knowing that the specific weight 
of water is 62.4 lb/ft 3 and that the allowable normal stress in the 
steel is 12.5 ksi, determine the smallest thickness that can be used 
for the penstock. 


SOLUTION 


p — yh — (62.4 lb/ft 3 )(500 ft) = 31.2 x 10 3 lb/ft 2 

= 216.67 psi 

<j x = 12.5 ksi = 12.5 x 10 3 psi 

r = —d -1 = 18-1 
2 


0i 

18-1 

1 


pr r _ 
1 ’ 1 

12.5 x 10 3 
216.67 


P 

= 57.692 


— = 58.692 
t 


t = 0.307 in. A 
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600 mm 



PROBLEM 7.112 

The cylindrical portion of the compressed-air tank shown is fabricated of 8-mm-thick 
plate welded along a helix forming an angle f3 = 30° with the horizontal. Knowing 
that the allowable stress normal to the weld is 75 MPa, determine the largest gage 
pressure that can be used in the tank. 


SOLUTION 



r = -d-t = -(600) - 6 = 292 mm 
2 2 


< 7 , = 


pr 

t 

1 pr 

iT 


l ( , 3 pr 

= — (<T. + <7 2 ) = 

2 1 2 4 t 


R 


1 pr 

4 T 


<7 W = cr ave - R cos 60° 


_ 5 pr 
~ 8 ~ 

5 r 


= 3.29 MPa ◄ 


5 292 
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PROBLEM 7.113 

For the compressed-air tank of Prob. 7.112, determine the gage pressure that will 
cause a shearing stress parallel to the weld of 30 MPa. 

PROBLEM 7.112 The cylindrical portion of the compressed-air tank shown is 
fabricated of 8-mm-thick plate welded along a helix forming an angle p = 30° with 
the horizontal. Knowing that the allowable stress normal to the weld is 75 MPa, 
determine the largest gage pressure that can be used in the tank. 


SOLUTION 



r = —d - t = -(600) 
2 2 

pr 

Tl= T 

1 pr 


8 = 292 mm 


cr 7 = 


2 t 


R = ^El 


1 pr 

4 T 


r, = R sin 60° 


P = 


V3 

8 

_8 

J3~R 


pr 




P = 


8 (30X8) 

V3 292 


= 3.80 MPa ◄ 
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PROBLEM 7.114 



The steel pressure tank shown has a 750-mm inner diameter and a 9-mm 
wall thickness. Knowing that the butt-welded seams form an angle /? = 50° 
with the longitudinal axis of the tank and that the gage pressure in the tank is 
1.5 MPa, determine (a) the normal stress perpendicular to the weld, ( b ) the 
shearing stress parallel to the weld. 


SOLUTION 


r = — = 375 mm = 0.375 m 
2 

pr (1.5 xlO 6 Pax 0.375 m) _ . 

cr, = — = = 62.5 x 10° Pa = 62.5 MPa 

t 0.009 m 


1 


oi=31. 25 MPa 2/3 = 100° 


(MPa') 



°ave = —(<^1 + & 2 ) - 46.875 MPa 

R = ^ = 15.625 MPa 

2 


(a) cr w = cr ave + i? cos 100° 


0 b ) t w = R sin 100° 


cr,, = 44.2 MPa ◄ 


= 15.39 MPa ◄ 
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PROBLEM 7.115 

The pressurized tank shown was fabricated by welding strips of plate along 
a helix forming an angle ft with a transverse plane. Determine the largest 
value of [i that can be used if the normal stress perpendicular to the weld is 
not to be larger than 85 percent of the maximum stress in the tank. 


SOLUTION 


<Ti = 


pr 


<Jn = 


pr 

~2t 


1 .3 pr 

^ave = 2( <J l +<J 2)=4Y 

i = ! pr_ 

4 t 

=Cr ave -tfCOS 2(3 


R = ^- a 


0.85 — = 


3 1 Ofl 
cos 2 p 

4 4 


pr 

t 


cos 2/3 = -4 


0.85- 


-0.4 


2p = 113.6° 
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- — 12 ft — - 


- — 12 ft — 


PROBLEM 7.116 



Square plates, each of 0.5-in. thickness, can be bent and 
welded together in either of the two ways shown to form the 
cylindrical portion of a compressed-air tank. Knowing that the 
allowable normal stress perpendicular to the weld is 12 ksi, 
determine the largest allowable gage pressure in each case. 


SOLUTION 


(a) 


d = 12 ft = 144 in. 


r = 


—d — t = 71.5 in. 
2 


°i 


pr 

t 


<t 2 


pr 

2 r 


(jj = 12 ksi 


a£ _ (12)(0.5) 
r ~ 71.5 


0.0839 ksi 


(b) 



1 3 pr 

r ave = -(^1 + CT 2 ) = 

^ = + cr 2 = lp^ 

2 4 t 

p = ± 45° 

O'w = CT ave + ^COS/J 

_ 3 pr 

~ IT 

4<V_f4 Vl2)(0.5) 
P 3 r UJ 71.5 


0.1 119 ksi 


p = 83.9 psi -4 


p = 1 1 1.9 psi A 
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PROBLEM 7.117 

The pressure tank shown has a 0.375-in. wall thickness and butt-welded 
seams forming an angle (3 = 20° with a transverse plane. For a gage 
pressure of 85 psi, determine ( a ) the normal stress perpendicular to the 
weld, ( b ) the shearing stress parallel to the weld. 


SOLUTION 



d = 5 ft = 60 in. 

r = - d - t = 30 - 0.375 = 29.625 in. 
2 

pr (85)(29.625) . 

a, = — = - — - = 6715 psi 

t 0.375 


<j 2 = — cr, = 3357.5 psi 

^ave = T(cri + <t 2 ) = 5036.2 psi 

= 0-1 ~^ 2 = 1678.75 psi 
2 


(a) a w = cr ave - 7? cos 40° = 3750 psi 

(. b ) r w = 7? sin 40° = 1079 psi ◄ 
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PROBLEM 7.118 



For the tank of Prob. 7.1 17, determine the largest allowable gage pressure, 
knowing that the allowable normal stress perpendicular to the weld is 
18 ksi and the allowable shearing stress parallel to the weld is 10 ksi. 

PROBLEM 7.117 The pressure tank shown has a 0.375-in. wall thickness 
and butt-welded seams forming an angle ft = 20° with a transverse plane. 
For a gage pressure of 85 psi, determine ( a ) the normal stress 
perpendicular to the weld, ( b ) the shearing stress parallel to the weld. 


SOLUTION 



d = 5 ft = 60 in. 

r = - d - t = 30 - 0.375 = 29.625 in. 
2 


cr, = 


pr 

t 

pr 

2 1 


1 3 pr 

= — (cr, + <t 2 ) = 

2 1 2 4 t 


R 


1 pr 
4 ~ 


<r ave - R cos 50° 


— — —cos 50°]— 
4 4 t 


= 0.58930 


pr 


P = 


cr w f (18X0.375) 

0.5893r (0.58930)(29.625) 


= 0.38664 ksi = 387 psi 


r w = 7? sin 50° = 0.19151 1^ 
w t 




(10X0.375) 


0.19151 lr (0.19151 1)(29.625) 
Allowable gage pressure is the smaller value. 


0.66097 ksi = 661 psi 


p = 387 psi A 
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PROBLEM 7.119 



For the tank of Prob. 7.1 17, determine the range of values of / 3 that can be 
used if the shearing stress parallel to the weld is not to exceed 1350 psi 
when the gage pressure is 85 psi. 

PROBLEM 7.117 The pressure tank shown has a 0.375-in. wall thickness 
and butt-welded seams forming an angle (3 = 20° with a transverse plane. 
For a gage pressure of 85 psi, determine ( a ) the normal stress perpendicular 
to the weld, ( b ) the shearing stress parallel to the weld. 


SOLUTION 


d = 5 ft = 60 in. 



r = -d-t = 30-- = 29.625 in. 
2 8 

pr (85)(29.625) „ 1C . 

cr, = — = - — - - = 6715 psi 

1 t 0.375 

<j 2 = ~ 2 °\ ~ 3357.5 psi 

R = 0-1 ~^ 2 = 1678.75 
2 

T w = R sin = r all 

sin 2/9 = ^ = 1350 = 0.80417 

a R 1678.75 


2p a = -53.53° 

2fi b = +53.53° 

2 p c = -53.53° + 180° = 126.47° 
2p d = 53.53° + 180° = 233.53° 


Pa 

Pb 

Pc 

Pc, 


-26.8° 

\ - 26.8° < B < 26.8° 

26.8° J 

63.2° 1 

\ 63.2° <B< 116.8° 

116. 8°J 


◄ 

◄ 
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PROBLEM 7.120 

A pressure vessel of 10-in. inner diameter and 0.25-in. wall thickness 
is fabricated from a 4-ft section of spirally-welded pipe AB and is 
equipped with two rigid end plates. The gage pressure inside the vessel 
is 300 psi and 10-kip centric axial forces P and P' are applied to the 
end plates. Determine (< a ) the normal stress perpendicular to the weld, 
( b ) the shearing stress parallel to the weld. 


SOLUTION 


r = —d =—(10) = 5 in. t = 0.25 in. 

2 2 

_ pr_ _ (300)(5) =600Q i = 6ksi 
t 0.25 

= pr_ = (300)(5) =300Q i = 3kgi 
It (2)(0.25) 

r 0 =r + t = 5 + 0.25 = 5.25 in. 

A = 7i(r* - r 2 ) = ^r(5.25 2 - 5.00 2 ) = 8.0503 in 2 


10x10 


,3 


Total stresses . Longitudinal: 


A 8.0803 
cr =3-1.242 = 1.758 ksi 


1242 psi = -1.242 ksi 


Circumferential: cr„ 


Shear: 

Plotted points for Mohr’s circle: 




■ 6 ksi 

= 0 


X: (1.758,0) 

Y: ( 6 , 0 ) 

C: (3.879) 



^ave =f(°'x +< 7 v) = 3 - 879 ksi 


R- 



2 +4 

2 7 

'f (1.758 -6)" 

2 

+ 0 


+ 0 = 2.121 ksi 


(a) 

(b) 


a r , = <r_ + R cos 70° = 3.879 - 2. 121 cos 70° 


*y' 


■ R sin 70° = 2.121 sin 70° 


cr, = 3.15 ksi 4 


\ T x' y ' \ - 1-993 ksi ◄ 
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PROBLEM 7.121 



Solve Prob. 7.120, assuming that the magnitude P of the two forces is 
increased to 30 kips. 

PROBLEM 7.120 A pressure vessel of 10-in. inner diameter and 0.25-in. 
wall thickness is fabricated from a 4-ft section of spirally-welded pipe 
AB and is equipped with two rigid end plates. The gage pressure inside 
the vessel is 300 psi and 10-kip centric axial forces P and P' are applied 
to the end plates. Determine (a) the normal stress perpendicular to the 
weld, ( b ) the shearing stress parallel to the weld. 


SOLUTION 


r 

<r 2 

r o 

A 

<j 


-d =-(10) = 5 in. 
2 2 


t = 0.25 in. 


pr (300)(5) 


= 6000 psi = 6 ksi 
3000 psi = 3 ksi 


t 0.25 

pr (300)(5) 

2 1 ~ (2X0.25) 
r + t = 5 + 0.25 = 5.25 in. 

>r(/j 2 -r 2 ) = ;r(5.25 2 -5 2 ) = 8.0503 in 2 

P 30xl0 3 

A ~ 8.0503 


-3727 psi = -3.727 ksi 


Total stresses . Longitudinal: cr x = 3 - 3.727 = -0.727 ksi 

Circumferential: a y =6 ksi 

Shear: r xy = 0 

Plotted points for Mohr’s circle: 

X: (-0.727, 0) 

Y: (6, 0) 

C: (2.6365, 0) 


^ave = -( CT x + a y ) = 2 ' 6365 ksi 


R = 


f 


+ t: 


xy 


-0.727-6 


+ 0 =3.3635 ksi 


(a) cr x , = cr ave - R cos 70° = 2.6365 - 3.3635 cos 70° 

(b) \r x y\ = R sin 70° = 3.3635 sin 70° 



<j x , =1.486 ksi 4 
r .TV'l = 3.16 ksi ◄ 
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PROBLEM 7.122 

A torque of magnitude T = 12 kN • m is applied to the end of a tank containing 
compressed air under a pressure of 8 MPa. Knowing that the tank has a 180-mm inner 
diameter and a 12-mm wall thickness, determine the maximum normal stress and the 
maximum shearing stress in the tank. 


SOLUTION 


d = 180 mm r = —d = 90 mm t - 12 mm 
2 

Torsion : 

c } = 90 mm c 2 = 90 + 12 = 102 mm 


J = ~[c\ - q 4 ) = 66.968 x 10 6 mm 4 = 66.968 x 10“ 6 m 4 


t = — = (12 x 10 3 )( 10 2 x 1 Q~ 3 ) _ lg ^ 277 MPa 


J 


66.968 x 10 


-6 


Pressure: 


42 


30 MP« 

\S.277 NP« 
j — > 6oMPn 


EL = (8)(9Q) = 60 MPa <j 2 = EL = 30 MPa 
1 2 21 


1 12 
Summary of stresses : 


<j x = 60 MPa, c y = 30 MPa, r xy = 18.277 MPa 


r > («p*) 



’’ave =-(cr A +cr F ) = 45 MPa 


= 


/^_ __ A 2 

G x 


+ r^ =23.64 MPa 


ci a = cr ave + /? = 68.64 MPa 
<7 b = cr ave - 7? = 21.36 MPa 
cr «0 


^min = 0 


^"max 2 ^^max ^"min ) 


cr = 68.6 MPa 4 


r max = 34.3 MPa ◄ 
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PROBLEM 7.123 

The tank shown has a 180-mm inner diameter and a 12-mm wall thickness. Knowing 
that the tank contains compressed air under a pressure of 8 MPa, determine the 
magnitude T of the applied torque for which the maximum normal stress is 75 MPa. 


SOLUTION 


Torsion: 


1 


r = —d 
2 




a, = 


12 


v2y 

pr _ (8)(90) 

t 

pr 

Yt 

i 


(180) = 90 mm l = 12mm 
= 60 MPa 


cr, = — = 30 MPa 


^ave = T O 1 + o-y ) = 45 MPa 


CT max = 75 MPa 

R = ^max - <x ave = 30 MPa 


R 


CTi (J 7 


+ r 


xp 




xp 


xp 


= 4Y 2 -15 2 = V30 2 -15 2 = 25.98 MPa 


= 25.98 xl0 b Pa 
c, = 90 mm 


c 2 =90 + 12 = 102 mm 


r 

2 

Tc 


J = — (c 4 - cf ) = 66.968 X 1 o 6 mm 4 = 66.968 x 1 0“ 6 m 4 






r = 25-L = (66.968X 10-‘)(25 98 x 10‘) = ^ N . m 


102x10 


-3 


T = 17.06 kN-m ◄ 
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PROBLEM 7.124 

The compressed-air tank AB has a 250-mm outside diameter and an 8-mm 
wall thickness. It is fitted with a collar by which a 40-kN force P is 
applied at B in the horizontal direction. Knowing that the gage pressure 
inside the tank is 5 MPa, determine the maximum normal stress and the 
maximum shearing stress at point K. 


SOLUTION 


Consider element at point K. 
Stresses due to internal pressure : 


p = 5 MPa = 5xl0 6 Pa 


1 , 250 

r = —d — t = 8 = 117 mm 

2 2 

pr (5x1Q 6 )(117x10~ 3 ) 
X ~ t 


Stress due to bending moment : 


= 73.125 MPa 

(8xl0“ 3 ) 

<r„ = — = (5 x 1 0 6 )(1 1 7 x 1 0~ 3 ) =36 g 63 MPa 

(2)(8xl0 -3 ) 

Point K is on the neutral axis. 

a y =0 


Stress due to transverse shear: 


2t 


V = P = 40xl0 3 N 

c 1 — d — 125 mm 
2 2 

c x = c 2 -t = 1 17 mm 

2 = fC 3 -<i 3 ) = f(125 3 -117 3 ) 

= 234.34 xlO 3 mm 3 =234.34 xl0“ 6 m 3 
I = —{02 -C[ 4 j = — (125 4 -117 4 ) 

= 44.573 x 10 6 mm 4 = 44.573 x 10 _6 m 4 



VQ PQ (40 xlO 3 )(234.34 x!0~ 6 ) 
~ It ~ I(2t ) ~ (44.573 x 1 0 -6 )(1 6 x 1 0 -3 ) 
= 13.1436x 10 6 Pa = 13.1436 MPa 


T xy 
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PROBLEM 7.124 (Continued) 


Total stresses: 


cr x =73.125 MPa, a y = 36.563 MPa, =13.1436 MPa 


Mohr’s circle: 


CT ave = = 54.844 MPa 




1 

= ^/(18.281) 2 + (13.1436) 2 =22.516 MPa 


<J a = cr ave + R = 77.360 MPa 
° b =<*™-R = 32-328 MPa 


Principal stresses : 

The 3rd principal stress is the radial stress. 


^"max = 77.4 MPa, C7 min =0 


<x a = 77.4 MPa, <r b = 32.3 MPa ◄ 

a z ~ 0 A 
<j m „ = 77.4 MPa ◄ 


Maximum shearing stress : 


Tnax 2 ^^max ^min ) 


r max = 38.7 MPa ◄ 
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PROBLEM 7.125 

In Prob. 7.124, determine the maximum normal stress and the maximum 
shearing stress at point L. 

PROBLEM 7.124 The compressed-air tank AB has a 250-mm outside 
diameter and an 8-mm wall thickness. It is fitted with a collar by which 
a 40-kN force P is applied at B in the horizontal direction. Knowing that 
the gage pressure inside the tank is 5 MPa, determine the maximum 
normal stress and the maximum shearing stress at point K. 


SOLUTION 


Consider element at point L. 
Stresses due to internal pressure : 


p = 5 MPa = 5xl(f Pa 
L 250 

r = -d-t = 8 = 117 mm 

2 2 

pr (5 x 10 6 )(1 17 x 1(T 3 ) 


t 8xl0“ 3 

pr (5xl0 3 )(117xl(T 3 ) 


2t 


(2)(8xl0“ 3 ) 


= 73.125 MPa 
= 36.563 MPa 


Stress due to bending moment : M = (40 kN)(600 mm) = 24, 000 N • m 

c 0 = —d = 125 mm 
2 2 

c i ~ c 2 ~ t = 125 -8 = 117 mm 
I = ^(4 - 4 ) = ^(125 4 - 1 17 4 ) 

= 44.573 x 10 6 mm 4 = 44.573 x 10 _6 m 4 

Gy = = - (24.000X125X10- 3 ) = _ 67 305 Mpa 

y I 44.573 xlO -6 



1 
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PROBLEM 7.125 (Continued) 


Stress due to transverse shear : Point L lies in a plane of symmetry. 

T xy = 0 

Total stresses : <j x = 73.125 MPa, <j y = -30.742 MPa, r xy = 0 

Principal stresses : Since r xy = 0, a x and cr y are principal stresses. The 3rd principal stress is in the 

radial direction, <j z « 0. 

cr max =73.125 MPa, cr min =0, cr a = 73.1 MPa, cr b = -30.7 MPa, <r z = 0 
Maximum stress: cr_ = 73.1 MPa A 

Maximum shearing stress : r max = 3 (<r max - cr min ) r max = 5 1 .9 MPa ◄ 
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1.5 in. 


PROBLEM 7.126 

\ STEEL 

\ , l • 

V' s = 8 m ' « 

M E s = 29 X 10 6 psi 
a s = 6.5 X 1CHV 0 F 

A brass ring of 5-in. outer diameter and 0.25-in. thickness fits exactly 
inside a steel ring of 5 -in. inner diameter and 0.1 25 -in. thickness 
when the temperature of both rings is 50°F. Knowing that the 


5 in 1] 

temperature of both rings is then raised to 125°F, determine (a) the 


BRASS 
h = ? in - 

E b = 15 X 10 6 psi 
a b = 11.6 X 10- 6 /°F 

tensile stress in the steel ring, ( b ) the corresponding pressure exerted 
by the brass ring on the steel ring. 


SOLUTION 

Let p be the contact pressure between the rings. Subscript s refers to the steel ring. Subscript b refers to the 
brass ring. 


pr 

Steel ring . Internal pressure p\ <j s = — 


(i) 


Corresponding strain: 


sp 


= P r 

E s E Js 


Strain due to temperature change: s sT = a s AT 

Total strain: 


e.=J^ + a,AT 


E s*s 


Change in length of circumference: 


AT = 2 nrs Q = 2 nr 


_pr_ 

V E Js 


+ a„ AT 


pr 

Brass ring . External pressure p\ <J b = 


Corresponding strains: 

Change in length of circumference: 


£ bp ~ 


pr 

Ebh 


, s bT = a b AT 


A L b = 2nrs b - 2nr 


pr 
V E b t b 


+ a b AT 


Equating AL^toA L b , 


pr 

~z7s 


- a c AT = — + a u AT 


E bh 


f \ 

r r 

y E Js E b t b j 


p = (a b -a s )AT 


( 2 ) 
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1.5 in. 


PROBLEM 7.127 


\ STEEL 

\^t s — g- m. 

E s = 29 X 10 6 psi 
= 6.5 X lO^AF 

Solve Prob. 7.126, assuming that the brass ring is 0.125 in. thick and 
the steel ring is 0.25 in. thick. 


PROBLEM 7.126 A brass ring of 5-in. outer diameter and 0.25-in. 

5 in. \\ \J 1 

BRASS 

h = ? in - 

E b = 15 X 10 6 psi 
a b = 11.6 X Kr 6 /°F 

thickness fits exactly inside a steel ring of 5 -in. inner diameter and 
0.125-in. thickness when the temperature of both rings is 50°F. 
Knowing that the temperature of both rings is then raised to 125°F, 
determine (a) the tensile stress in the steel ring, ( b ) the corresponding 
pressure exerted by the brass ring on the steel ring. 


SOLUTION 


Let p be the contact pressure between the rings. Subscript s refers to the steel ring. Subscript b refers to the 
brass ring. 

pr 

Steel ring . Internal pressure p\ cr s = — (1) 


Corresponding strain: 

Strain due to temperature change: 
Total strain: 

Change in length of circumference: 


= a s = pr 

SP E s E s t s 


£ sT - a s ^T 


s = + a AT 

E s t s 


AL V = 2nrs„ = 2nr 


f 

pr 

\ E sts 


\ 


+ a c AT 


J 


Brass ring . External pressure p: 

Corresponding strains: 

Change in length of circumference: 

Equating A L s to AL b , 


cr h =- 


pr 


£ bp ~ ' 


pr 

E bh 


£ bT = a b AT 


A L b = 2 nrs b - 2nr 


pr 

V E b t b 


+ oc b AT 


+ a s AT = -SL- + « AT 
EJs E b t b 


f \ 

r r 

\ E s t s + E b t bJ 


p = (a b - a s )AT 


( 2 ) 
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PROBLEM 7.128 

For the given state of plane strain, use the method of Sec. 7.7A to 
determine the state of plane strain associated with axes x and y' 
rotated through the given angle 0. 

s x = -800//, s y - +450//, Yxy ~ +200//, 6 = 25° J) 


SOLUTION 

0 = -25° 

£ x +£ v £ x ~ £ v Yxv 

y = 175// 625 u - =+100// 

2 2 2 

£ x + £,, £ x ~ £ v V ' 

£ i = — H —cos 29 H — —sin 20 

* 2 2 2 

= 175// + (-625//) cos (-50°) + (100//) sin (-50°) 

£ x , = -653// ◄ 


+ £,, £ r - £ v 

^ cos 20 ^ sin 20 

J 2 2 2 

= -175// - (-625//)cos (-50°) -(100//) sin (-50°) 

s y < =303// -4 


r x y = ~(£ x - ^ y )sin 20 + y xy cos 20 

= -(-800// - 450//) sin (-50°) + (+200//)cos (-50°) 

y x y = -829// ◄ 
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PROBLEM 7.129 

For the given state of plane strain, use the method of Sec. 7.7A to 
determine the state of plane strain associated with axes x' and y' 
rotated through the given angle 6. 

s x =+240 ju, ^=+160 //, y xy =+l50 J u, 0 = 60°^) 


SOLUTION 

9 = -60° 

e x + £ v £ x~ £ v Yxv 

x y = +200// * y =40 // 39 =15/1 

£ + £ £ — £ Y 

£ > = — H -cos 26 h — -sin 26 

x 2 2 2 

= 200 + 40 cos (-120°) + 75 sin (-120°) 

£ x . = 1 15.0// 4 


e x +£,, s x - £., 

s , = —cos 29 —sin 29 

y 2 2 2 

= 200 -40 cos (-120°) -75 sin (-120°) 

£y = 285// 4 


r x y = -( £ x - £ y) sin 26 + Yxy cos 26 

= -(240 - 160) sin (-120°) + 150cos (-120°) 

Yxy =-5.72// ◄ 
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PROBLEM 7.130 

For the given state of plane strain, use the method of Sec. 7.7A to 
determine the state of plane strain associated with axes x' and y' 
rotated through the given angle 6. 

s x = -500//, Sy = +250//, y xy = 0, (9 = 150 


SOLUTION 

9 = +15° 

£ x + £ v £, ~ £ v Y™ 

y = 125 u x y = 375// ,xy =0 

2 2 2 

£ + £ £ ' £ v y xv 

£ x > =— ^ + —cos 26 + — ^-sin 26 

x 2 2 2 

= -125// + (-3 75//) cos 30° + 0 

£ x f = -450// A 


£ + £ £ — £ y 

£,= y y cos 29 y sin 29 

y 2 2 2 

= - 1 25// - (-375//) cos 30° - 0 

£y =199.8// ◄ 


r x y = ~(£ x - £y ) sin 29 + y xy cos 29 
= -(-500 ju - 250//) sin 30° + 0 

r x y = 375// ◄ 
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SOLUTION 

o = +30° 



£ x + E E £ 

x ^ =160 n x y = 160 n 



£ r +£ v £ r - £ v 

£ x ,= y + y cos 26 + 39 sin 20 

x 2 2 2 



= 160 -160 cos 60°-— sin 60° 
2 

£ x > = +36.7 ju A 


E -y “b E E E Y xv 

e v = — —cos 26 ^sin 26 

y 2 2 2 



= 160 + 160 cos 60° + — sin 60° 
2 

s y f = +283 id 4 


r x y = -(<£•* - £ y ) sin 20 + y xy cos 20 



= -(0 - 320) sin 60° - 1 00 cos 60° 

r x y= +227 M ◄ 
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PROBLEM 7.132 

For the given state of plane strain, use Mohr’s circle to determine the 
state of plane strain associated with axes x and y' rotated through 
the given angle 6. 

s x =-800//, ^+ = 450//, Yxy=+ 200//, 6 = 25°^) 


SOLUTION 



-e ( m ) 


Plotted points: 

X: (-800//, -100 //) 
Y: (+450 //, +100//) 
C: (-175//, 0) 


tan a = or = 9.09° 

625 


R = 7(625/+ +(100 //) 2 = 632.95// 
j3 = 26-a = 50°- 9.09° = 40.91° 

= £ ave -^cosyff = -175//- 632.95// cos40. 91° 

£y = £ ave + i?cos/? = -175// + 632.95//cos40.91 c 


= -653// <4 


= 303// ^ 


- y x , y , = -R sin/? = -632. 95 ju sin 40.9 l c 


^y=- 829// ◄ 
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PROBLEM 7.133 

For the given state of plane strain, use Mohr’s circle to determine the 
state of plane strain associated with axes x' and y' rotated through 
the given angle 6. 

£■^=+240//, £^=+160//, y xy = +150//, # = 60O 


SOLUTION 

Plotted points for Mohr’s circle: 

X: (+240//, -75//) 

Y : (+160//, 75//) 

C: (+200 //, 0) 

tan a = — = 1.875 a = 61.93° 
40 

R = ^(40//) 2 +(75//) 2 = 85// 



P = 29-a = -120° -61.93° = -181.93° 

s x > = £ ave + R cos f5 = 200// + (85//)cos(-181.93°) s x , =115.0// ^ 


£y = £ ave — R cos p = 200//-(85//)cos(-181.93°) 
^r x y =-R sin p = -85 sin (-181.93°) = -2.86// 


£y = 285 JU A 
Yxy =-5.72// ◄ 
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PROBLEM 7.134 

For the given state of plane strain, use Mohr’s circle to determine the 
state of plane strain associated with axes x' and y' rotated through 
the given angle 6. 

s x = -500//, s y = +250//, Yxy = 0, 6 = 15 0> ) 


SOLUTION 



£(/«) 


Plotted points: 

X: (-500//, 0) 

Y: (+250//, 0) 

C: (-125 ft, 0) 

R = 375 // 

e x' =£, ave +^cos 26 = -125 - 375cos30° 
Sy =f ave +i?cos 26 = -125 + 375 cos 30° 

- r = R sin 26 = 375sin30° 

2 y 


£ x' =-450// ◄ 
= 199.8 n ◄ 

Yxy =375// ◄ 
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PROBLEM 7.135 

For the given state of plane strain, use Mohr’s circle to determine the 
state of plane strain associated with axes x' and y' rotated through 
the given angle 9. 

£ x =0, £ y =+320]U, y xy =-100//, 9 = 30°t) 


SOLUTION 


Plotted points for Mohr’s circle: 

X: (0,50//) 

Y: (320//, -50//) 

C: (160//, 0) 

tana = -^- a = 17.35° 

160 

R = 7(1 60//) 2 +(50//) 2 = 167.63 // 
p = 29 - a = 60° - 17.35° = 42.65° 


Mm) 



s x ' = £* ave -Rcos/3 = 160//-(167.63//)cos42.65° 
Gy = £ ave + i?cos/? = 160// + (167.63//)cos42.65° 

= s in P = (167. 63//) sin 42. 65° 


^ =36.7 ju ◄ 
£y = 283// ^ 

/xy =227ii ◄ 
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PROBLEM 7.136 


The following state of strain has been measured on the surface of a thin plate. Knowing that the surface of the 
plate is unstressed, determine (a) the direction and magnitude of the principal strains, ( b ) the maximum in- 
plane shearing strain, (c) the maximum shearing strain. (Use v = j . ) 

s x = -260//, s y = -60//, Yxy = +480// 
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PROBLEM 7.137 


The following state of strain has been measured on the surface of a thin plate. Knowing that the surface of the 
plate is unstressed, determine (a) the direction and magnitude of the principal strains, ( b ) the maximum in- 
plane shearing strain, (c) the maximum shearing strain. (Use v = j . ) 

s x - - 600 //, s y - - 400 //, = + 350 ju 
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PROBLEM 7.138 


The following state of strain has been measured on the surface of a thin plate. Knowing that the surface of the 
plate is unstressed, determine (a) the direction and magnitude of the principal strains, ( b ) the maximum in- 
plane shearing strain, (c) the maximum shearing strain. (Use v = j . ) 

s x - + 160 //, s y - - 480 //, = - 600 ju 
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PROBLEM 7.139 


The following state of strain has been measured on the surface of a thin plate. Knowing that the surface of the 
plate is unstressed, determine (a) the direction and magnitude of the principal strains, ( b ) the maximum in- 
plane shearing strain, (c) the maximum shearing strain. (Use v = j.) 

** = + 30 /^ £ y = +570//, Xxy = + 720 ^ 
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PROBLEM 7.140 


For the given state of plane strain, use Mohr’s circle to determine (< a ) the orientation and magnitude of the 
principal strains, ( b ) the maximum in-plane strain, (c) the maximum shearing strain. 

£ x = + 60 //, s y = + 240 //, r xy = - 50 // 
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PROBLEM 7.141 

For the given state of plane strain, use Mohr’s circle to determine ( a ) the orientation and magnitude of the 
principal strains, ( b ) the maximum in-plane strain, (c) the maximum shearing strain. 

s x = +400//, e y = +200//, Y xy = 375// 


SOLUTION 


Plotted points for Mohr’s circle: 

X: (+400//, -187.5//) 
Y : (+200//, +187.5//) 
C: (+300//, 0) 


tan 20 p 


= — — — = 1.875 
£ x - s v 400 - 200 

x y 


20 p = 61.93° 


R = 7(100//) 2 +(187.5//) 2 = 212.5// 


(a) s a = f ave + i? = 300// + 212.5// 
= f ave -7? = 300// - 212.5// 


(*) 


(c) 



= 


-s„ 


■kr i*) 



0 a =31.0° ◄ 
0 b = 121 . 0 ° ◄ 


s a =513// -4 


s b = 87.5// 


T’max (in-plane) 425// 


◄ 

◄ 


= 0 ◄ 
/max =513// ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1184 





PROBLEM 7.142 

For the given state of plane strain, use Mohr’s circle to determine ( a ) the orientation and magnitude of the 
principal strains, ( b ) the maximum in-plane strain, (c) the maximum shearing strain. 

s x = +300//, s y = +60//, = +100// 


SOLUTION 


X: (300//, -50//) 
Y: (60//, 50//) 

C: (180//, 0) 


tan 26 p = 


Yxy 


£ r - £ „ 


26 p = 22.62° 


100 

300 - 60 


R = V (120//) 2 + (50 //) 2 = 130 // 
(a) £ a =£ me +R= 180// + 130// 

£ b = £ we -R = 180// -130// 

(?) /max (in-plane) = ^R 



(c) £ c = 0, ^max =310//, £ min =0 

/max — ^max ^min 



6 b =101.3° ◄ 

£ a =310 n 4 
£ b = 50.0// 4 

/max (in-plane) —260// ^ 


£ c =0M 

/max =310// ◄ 
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PROBLEM 7.143 

For the given state of plane strain, use Mohr’s circle to determine (< a ) the orientation and magnitude of the 
principal strains, ( b ) the maximum in-plane strain, (< c ) the maximum shearing strain. 

s x = -180//, e y = -260//, r xy = +315// 
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PROBLEM 7.145 

The strains determined by the use of the rosette shown during the test of a machine 
element are 

s x =+ 600 ju s 2 + 450 fj s 3 = — 75 // 

Determine (a) the in-plane principal strains, ( b ) the in-plane maximum shearing strain. 
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PROBLEM 7.146 

The rosette shown has been used to determine the following strains at a point 
on the surface of a crane hook: 

s x = +420 x 10 -6 in./in. s 2 = -45 x 10 -6 in./in. s 4 = +165 x 10 -6 in./in. 

(a) What should be the reading of gage 3? (b) Determine the principal strains 
and the maximum in-plane shearing strain. 


SOLUTION 

(a) Gages 2 and 4 are 90° apart. 


^ave — 2 (^2 + ^4 ) 


£ ave = _ (-45 xl0~ 6 +165xl0 -t) ) = 60x10"° in./in 


-6 \ 


"v-6 • 


Gages 1 and 3 are also 90° apart. 


?ave =-+ +^) 

= 2f ave - e x = (2)(60 X 10" 6 ) - 420 x 10" 6 


£■, = -300 x 10 b in./in. 


(Z>) ^ =£■[ =420x10 6 in./in. ^ =f 3 =-300x10 6 in./in. 

y ^ = 2s 2 -s l -s 3 = (2)(-45 x 10+ - 420 x 10 -6 - (-300 x 10+ 
= -210 xlO -6 in./in. 


R- 


e x ~e y ^ 

2 

+ 

f Yx A 

+ 

420 xl0~ 6 -(-300x10+^ 

2 

+ 

-210xl0 -6 ^ 

l 2 , 


1 


l 2 J 


■ 375x10 6 in./in. 


e a =e sm +R = 60 x 10 -6 + 375 x 10 -6 


s b =s me —R = 60x 10 -6 -375 x 10 -6 


s a = 435 xlO -6 in./in. ◄ 
s h — -3 1 5 x 1 0 -6 in./in. -4 


Y max (in-plane) 


■ 2R 


y max (in-plane) 


: 750 xl0“ 6 in./in. ◄ 
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1 ) 



e J - 

^max 


PROBLEM 7.147 

Using a 45° rosette, the strains s l9 e l9 and s 3 have 
been determined at a given point. Using Mohr’s 
circle, show that the principal strains are: 

1 1 2 2 1 
^max.min = ~( £ l + £ 3> ± “ £ l) + ( £ 2 ~ ¥ 

{Hint: The shaded triangles are congruent.) 
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PROBLEM 7.148 


, 60 ° 



60 ° 



Show that the sum of the three strain measurements made with a 60° 
rosette is independent of the orientation of the rosette and equal to 


£ \ + £ 1 + £ 3 = ^ £ i 


avg 


where £ avg is the abscissa of the center of the corresponding Mohr’s 
circle. 


SOLUTION 


£ x - £ v Y XV 

^-cos 20 H — —sin 26 


£ 1 = ^ave + 



2 

£ v 

~ 

X 

y 


2 

6 V 

- 

X 

y 


cos (29 + 1 20°) + sin (29 + 1 20°) 


(cos 120° cos 20 -sin 120° sin 26) 


+ — (cos 120° sin 26 + sin 120° cos 26) 


£ x~ £ y 


xy 


1 ™ ™ 
— cos 20 sin 20 

2 2 

v z z j 

\ 


-—sin 20 + ^-cos 26 

2 2 

v y 


— - — — ^ cos (2 6 + 240°) + ^sin (26 + 240°) 


= £ a ye + — -(cos 240° cos 20 -sin 240° sin 20) 


+ — (cos 240° sin 20 + sin 240° cos 20) 


“ £ ave + 


^x 


1 -\/3 . . 

— cos 26/ H sin 26/ 

2 2 

v z z y 


+ 


' -W 


1 • 

— sin 26/ cos 26/ 

2 2 


Adding (1), (2), and (3), 


s \ + s 2 + <? 3 - 3f ave +0 + 0 
3*avc=*l + *2 + «S 


( 1 ) 


( 2 ) 


( 3 ) 


◄ 
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PROBLEM 7.149 



The strains determined by the use of the rosette attached as shown during the test of a 
machine element are 


s x - -93.1 x 10 -6 in./in. 
£ 2 = +385 x 10 -6 in./in. 
£ % - +210 x 10 -6 in./in. 


Determine ( a ) the orientation and magnitude of the principal strains in the plane of the 
rosette, ( b ) the maximum in-plane shearing strain. 


where 

0 = -75° 

for gage 1 , 


0 = 0 

for gage 2, 

and 

0 = +75° 

for gage 3. 


SOLUTION 


Use £ x' =-( £ x +£ y) + -( £ x ~ £ y ) cos26> + ^sin 2 0 


£ i=^( £ x +£ y)+2 ( £ x - £ y ) cos (-150°) + ^ sin (- 1 50°) 

11 Yx 

s 2 = —(s x +e ) +—(e -s v )cos 0 + ^^sin 0 


2 v x y 

1 


s 3 =—(s x +£ v ) + —(s x -£ y )cos (150°) + ^-sin (150°) 


2 

- 1-6 


£ x = £ z - 385 x 10 in./in. 


From Eq. (2), 

Adding Eqs. (1) and (3), 

£ \ + £ 3 = ( £ x + £ y) + (e x - £ y )cos 150° 


= £ x (\ + cos 150°) + f (1-cos 150°) 




£j + £ 3 - £ x (l + COS 150°) 

(1-cos 150°) 

-93.1 xlO -6 +210xl(T 6 -385 x10 _6 (1 + cos 150°) 


1 -cos 150° 


= 35.0x10 6 in./in. 


( 1 ) 

( 2 ) 

( 3 ) 
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PROBLEM 7.149 (Continued) 


Subtracting Eq. (1) from Eq. (3), 

£ i~ £ \ = Yxy s in 150° 

g 3 -g t 21QxlQ~ 6 -(— 93.1xlQ~ 6 ) 

Yxy ~ sin 150° “ sin 150° 

= 606.2 xlO -6 in./in. 

tan 20 = — — — = 606 : 2xl ° — = 1 .732 (a) <9=30.0°, O b = 120.0° ◄ 

p £ x -£ y 385 xlO -6 - 35.0 xlO -6 

*ave = \(e x +£y) = ^(385 XlO- 6 +35.0 xl0“ 6 ) 


(b) 


= 210xl0“ 6 in./in. 
R = 


f . 


V 2 9 


+ 


( y \ 

r xy 


V 2 J 


( 385 X 10" 6 - 35.0 xio -6 ^ 


2 ( 606.2 x 2 
+ — 


£ a = £ ™ +r = 210xl0 -6 + 350.0xl0“ 6 
£ b = g ave -R = 210 xlO -6 - 350.0 xlO -6 


rmax(in ~ plane) = R = 350.0 x IQ' 6 in./in. 


= 350.0 xlO -6 

£ a = 560 x 10“ 6 in./in. 4 
£ b =-140.0 xl0" 6 in./in.^ 

r m ax (in-plane) = 700 X 10 ' 6 in7in - < 
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PROBLEM 7.150 

A centric axial force P and a horizontal force Q x are both applied at point C 
of the rectangular bar shown. A 45° strain rosette on the surface of the bar at 
points indicates the following strains: 

<5*1 = -60 x 10 -6 in./in. 

£ 2 = +240 x 10 -6 in./in. 

£ 3 = +200 x 10 -6 in./in. 

Knowing that E = 29 x 10 6 psi and v = 0.30, determine the magnitudes of P 
and Q x . 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1194 


PROBLEM 7.151 



12 in. 



Solve Prob. 7.150, assuming that the rosette at point A indicates the 
following strains: 

s x - -30 x 10 -6 in./in. 
s 2 = +250 x 10~ 6 in./in. 

£ 3 = +100 x 10 -6 in./in. 

PROBLEM 7.150 A centric axial force P and a horizontal force Q x are both 
applied at point C of the rectangular bar shown. A 45° strain rosette on the 
surface of the bar at points indicates the following strains: 

£ x = -60 x 10 -6 in./in. 

£ 2 = +240 x 10~ 6 in./in. 

£ 3 = +200 x 10 -6 in./in. 

Knowing that E - 29 x 10 6 psi and v = 0.30, determine the magnitudes of 
P and Q x . 


SOLUTION 

£ x =£ x =-30xl0~ 6 
£ y = £ 3 = +100xl0“ 6 

= l£ 2 -ei-e 3 =430xl0“ 6 
F 29 

<T* = t(£ x + ve y ) = y[— 30 + (0.3X100)] 

1-v 2 y 1 — (0.3) 2 

= 0 

F 29 

a > =TT7 ( ^ +v ^ )= T^f [100+(0 - 3)( - 30)] 

= 2.9 xlO 3 psi 

i- = a y P = Aa y = (2)(6)(2.9 x 10 3 ) 

= 34.8xl0 3 lb P = 34.8 kips ◄ 
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PROBLEM 7.152 

A single strain gage is cemented to a solid 4-in. -diameter steel shaft at an 
angle /? = 25° with a line parallel to the axis of the shaft. Knowing that 
G = 1 1.5 x 10 6 psi, determine the torque T indicated by a gage reading of 
300 xl(T 6 in./in. 


2 in. 


SOLUTION 

For torsion, 


cr x= cr y= 0 ’ r = T o 


£ r =—(^x~ V( 7 v) = 0 


:-(a-va x ) = 0 


_ Z"o 1 _ Z”o 

Yxy- G 2 r *y - 2 G 


Draw the Mohr’s circle for strain. 

R = ^~ 

2G 


But 


£' = R sin IB = — — sin 2 B 
x 2 G 

Tc 2 T 2G£ r , 


J nc? sin 2 (3 

, _ nc’Gsj 
sin 2 J3 

_ ^(2) 3 (11.5xl0 6 )(300xlQ- 6 ) 
sin 50° 

= 113.2xl0 3 lb-in. 




T = 1 13.2 kip in. A 
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2 in. 


PROBLEM 7.153 

Solve Prob. 7.152, assuming that the gage forms an angle p = 35° with a 
line parallel to the axis of the shaft. 

PROBLEM 7.152 A single gage is cemented to a solid 4-in. -diameter 
steel shaft at an angle /? = 25° with a line parallel to the axis of the shaft. 
Knowing that G = 11.5 x 10 6 psi, determine the torque T indicated by a 
gage reading of 300 x 1(T 6 in./in. 


SOLUTION 


For torsion, 


<^=°> ^= 0 , T xy =T 0 

£ x =t:( ct *- vct v) = 0 


fv =-K-va T ) = 0 

v =IQ- —v =Il. 

/xy G 2 /x}! 2 G 


Draw Mohr’s circle for strain. 


But 


R = -0- 

2G 


£■ = R sin 2 B = — — sin 2 B 
x 2 G 


Tc 2 T 2Gs x . 

J nc 1, sin 2/3 

_ izJGs^ _ ;r(2) 3 (11.5xl0 6 )(300xlQ~ 6 ) 
sin ip sin 70° 

= 92.3xl0 3 lb-in. 




T = 92.3 kip - in. A 
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PROBLEM 7.154 

A single strain gage forming an angle J3 = 18° with a horizontal plane is used to 
determine the gage pressure in the cylindrical steel tank shown. The cylindrical wall 
of the tank is 6 mm thick, has a 600-mm inside diameter, and is made of a steel with 
E = 200 GPa and v = 0.30. Determine the pressure in the tank indicated by a strain 
gage reading of 280 ju. 


SOLUTION 


CT=(J,= 


pr 


a y = 2°"*’ ^z - 0 


S x =-(<y x ~V(7 y -V(7 z ) = 

= 0.85— 

E 


'i-ili 

2) E 


1 , 

Sy=-(-^ x +CT y -V(J z ) = 


1 

V 

u 


E 


= 0 . 20 — 

E 


v = — = () 

xy G 


Draw Mohr’s circle for strain. 





Data: 


£ a ve=|(^+^) = °- 525 Y 

R = \{s x -s y ) = V. 325 ^ 

= £ ave + 7? cos 2/? = (0.525 + 0.325 cos 2/?)-^- 

E 

_ tG x _ tE£ x' 

p ~ r ~ r( 0.525 + 0.325 cos 2/?) 

r = -d = -(600) = 300 mm = 0.300 m 
2 2 



t = 6xl0 _3 mm E = 200x 10 9 Pa, s x . = 280xl0“ 6 /? = 18° 

(6x1 Q~ 3 )(200 x 1 0 9 )(280 x 1 0~ 6 ) 6 

(0.300)(0.525 + 0.325 cos 36°) 


p = 1.421 MPa ◄ 
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PROBLEM 7.155 

Solve Prob. 7.154, assuming that the gage forms an angle (3 = 35° with a horizontal 
plane. 

PROBLEM 7.154 A single strain gage forming an angle f3 = 18° with a horizontal 
plane is used to determine the gage pressure in the cylindrical steel tank shown. The 
cylindrical wall of the tank is 6 mm thick, has a 600-mm inside diameter, and is 
made of a steel with E = 200 GPa and v = 0.30. Determine the pressure in the tank 
indicated by a strain gage reading of 280 ju. 


SOLUTION 


pr 


°y = 2 °"*’ 


S x =—(Px- v °y- v<r z) = 
1 , 

Zy=—(-VV x +Vy-Vl 7 Z ): 


/ 


1-^ 
2y 


— = 0.85— 
E E 


\ 


— = 0 . 20 — 
E E 




& 


i 




-y- 




^ G 

Draw Mohr’s circle for strain. 

1 


^ = 0 


Data: 


^ave = 2 (^+^) = °-525^ 
R = ^(s x -s y ) = 0.325 

= ^ave + R C0S 2 /? 


E 

E 


= (0.525 + 0.325 cos 2/7)-*- 

E 


P=- 


t(T r 


tEs, 


r( 0.525 + 0.325 cos 2,9) 


r = -d = -(600) = 300 mm = 0.300 m 
2 2 



t = 6x 10 _3 m £ = 200xl0 9 Pa, ^ = 280x 10“ 6 ,9 = 35° 

( 6 xl 0 - 3 )( 200 xl 0 9 )( 280 xl 0 - 6 ) =i76ixi06pa 
(0.300X0.525 + 0.325 cos 70°) 


= 1.761 MPa ◄ 
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PROBLEM 7.156 

The given state of plane stress is known to exist on the surface of a machine component. 
Knowing that E = 200 GPa and G = 11 .2 GPa , determine the direction and 
magnitude of the three principal strains ( a ) by determining the corresponding state of 
strain [use Eq. (2.43) and Eq. (2.38)] and then using Mohr’s circle for strain, ( b ) by 
using Mohr’s circle for stress to determine the principal planes and principal stresses 
and then determining the corresponding strains. 


SOLUTION 


(a) cr x = 0, a y =-150xl0 6 Pa, T xy =-75xl0 6 Pa 
E = 200xl0 9 Pa G = 77xl0 9 Pa 


G = — — — v = — -1 = 0.2987 
2(1 + v) 2 G 

£ x =i K - vo- v ) = —3 — , [0 + (0.2987)(1 50 x 1 0 6 )] 


E 

= 224 // 

1 


y 200 xlO 9 


£ v = — (<J V -vcr,) = - q 

y E y 200 xlO 9 


1 [(-150xl0 6 )-0] 


-750// 


xy 


, v _ -75x10° 
Yxy ~ G~ 77 x 10 9 

^ = - 487 . 0 // 

2 


= -974 fi 


f ave = 2 (e x +e y ) = -263M 


£ x~ £ y= 974 / / 


tan 2ft, = - 


r xy 


-974 


974 


= - 1.000 


26 „ = -45.0° 


R = . 


£ x~ £ y 


V 

xy 


2 2 


= 689// 


£ a ~ £ 'avc + ^ 


£ b ~ £ ave ^ 


=-^( ( 7 x +(T y) = - 


(0.2987X0 - 150 x 10°) 
200 xlO 9 



0 a = -22.5° ◄ 

d b = 67.5° ◄ 

£■„ = 426 // -4 
s b = -952 // 4 

e c =-224// ◄ 
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PROBLEM 7.156 (Continued) 


(b) 


CT ave = 2 K+^) = - 75 MPa 


7? = 


r<J x-°y^ 2 


+ T xy 


IV 7 

= 106.07 MPa 


0 + 150 


+ 75 


<r a = cr ave + 7? = 3 1 .07 MPa 
cr, = cr „, - /? = -1 81 .07 MPa 


=— (Va-Wb) 

E 


1 


200x10 


[3 1.07 x 10 6 - (0.2987)(— 18 1.07 x 10 6 )] 


= 426x10“ 


tan 26 n = - 


It. 


xy 


= - 1.000 


<X V - <T„ 


T (mPo.1 



e a = 426//^ 
26 a = -45° 

6» fl = -22.5° ◄ 
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PROBLEM 7.157 


The following state of strain has been determined on the surface of a cast-iron machine part: 

£ x = - 720 /' s y = -400 n v xy = +660 n 

Knowing that E = 69 GPa and G = 28 GPa, determine the principal planes and principal stresses {a) by 
determining the corresponding state of plane stress [use Eq. (2.36), Eq. (2.43), and the first two equations of 
Prob. 2.73] and then using Mohr’s circle for stress, ( b ) by using Mohr’s circle for strain to determine the 
orientation and magnitude of the principal strains and then determining the corresponding stresses. 
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PROBLEM 7.157 (Continued) 


(b) ftve = -(e x +e y ) = -5mn 


tan 2 9 b = ■ 


' xy 


■ = -2.0625 


s „ - 


2 ft 


7 ?: 


-64. 1 °, ft = -32. 1 °, ft = 57.9° ◄ 


ft “ft 


ft 


+ 


6 r ft 

"xy 


v 2 y 


: 366.74// 


ft =ftve +7? = -193.26// 
ft =ftve -7? = -926.74// 


o',, =■ 


1 — v 

_E 

1 — v 


2 (ft +V ft) 

2 (ft+Vft) 



cr a = -29.8 MPa ◄ 
(T b = -70.9 MPa ◄ 
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PROBLEM 7.158 

A steel pipe of 12-in. outer diameter is fabricated from ^ -in. -thick plate by 
welding along a helix that forms an angle of 22.5° with a plane perpendicular 
to the axis of the pipe. Knowing that a 40-kip axial force P and an 80-kip • in. 
torque T, each directed as shown, are applied to the pipe, determine the 
normal and in-plane shearing stresses in directions, respectively, normal and 
tangential to the weld. 
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PROBLEM 7.159 

Two steel plates of uniform cross section 10 x 80 mm are welded 
together as shown. Knowing that centric 100-kN forces are applied to 
the welded plates and that /? = 25° , determine (a) the in-plane shearing 
stress parallel to the weld, ( b ) the normal stress perpendicular to the 
weld. 


SOLUTION 



F„ 




Area of weld: 

Av 


(10 x 10~ 3 )(80 x 1Q~ 3 ) 
cos 25° 


= 882.7 xl0“ 6 m 2 


Ponces 


(a) HF S =0: F s - 100sin25° = 0 F s = 42.26 kN 

42.26 x 103 7 9 x 1 Q6 pa 

A w 882.7 x 10“ 6 

c b ) = 0: F n - 100 cos 25° = 0 F n = 90.63 kN 


90.63 x 10 = 102 . 7xl06pa 


r,„ = 47.9 MPa ◄ 


A w 882.7 x 10 


-6 


cr w = 102.7 MPa ◄ 
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PROBLEM 7.160 

Two steel plates of uniform cross section 10x80 mm are welded 
together as shown. Knowing that centric 100-kN forces are applied to 
the welded plates and that the in-plane shearing stress parallel to the 
weld is 30 MPa, determine (a) the angle / 3 , (b) the corresponding normal 
stress perpendicular to the weld. 
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PROBLEM 7.161 

Determine the principal planes and the principal 
stresses for the state of plane stress resulting from the 
superposition of the two states of stress shown. 


SOLUTION 

Mohr’s circle for 2nd stress state: 
1 1 

°'*=-< J o+-< J o cos 26 


a y =-cr 0 --<j 0 cos 20 


xy 2 

Resultant stresses: 


cFq sin 20 


ii 3 i 

= ob + — cr (J + — cr o cos 2 0 = — cr 0 +— cr 0 cos 20 


o\. =0 + ^o- 0 -^c7 0 cos26> = ^a- 0 -^a- 0 cos26» 
^ = 0 + ^ cr o sin26» = ^-(7 0 sin26» 

^ave =-K+°'v) = Cr 0 


2t 

tan 20 = 


sin 20 
1 + cos 20 


CFq sin 20 
cr () + cr 0 cos 20 

- = tan 0 







11 ™ 
"CTn +— CTn COS 20 
2 0 2 0 


cr 0 sin 20 


= — cr 0 Vl + 2 cos 20 + cos 2 20 + sin 2 20 = -^-cr 0 ^/l + cos 20 


- cr 0 |cos0| 


=^ave+^ 


^ =Cr ave-^ 


0. 


(0 + ;r) 


cr a = cr 0 + cr () cos 0 ^ 

CF b = CFq- CFq COS 0 ^ 
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SOLUTION 


cr T = 7 ksi, <r„ = 2 ksi. 


O'ave = — ( ' (J x +cr,,) = 4 -5 ksi 






+ r: 


XJ 


= V2.5 2 + (-6) 2 = 6.5 ksi 
= ^ave + 7? = 1 1 ksi 

a b =<7 ave - ^ = -2 ksi 

(a) cr z = 4 ksi, cr a = 1 1 ksi, cr h = -2 ksi 




= -6 ksi 

T) 



^max ^ ^ ksi, ^" 1T1 in ^ ksi, ^" max ^ (^max ^"min ) 

(b) <j z = -4 ksi, cr y = 1 1 ksi, a b = -2 ksi 

^max — 1 1 ksi, ^" m i n — 4 ksi, ^"max — "^"(^max ^min ) 

(c) cj z = 0, cr a = 1 1 ksi, <J b = -2 ksi 


= 6.50 ksi A 


= 7.50 ksi ◄ 


^max ^ ksi, ^" m i n 2 ksi, ^"max ^ (^max ^min ) 


r maY = 6.50 ksi A 
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y PROBLEM 7.163 




For the state of stress shown, determine the value of r for which the 

xy 

maximum shearing stress is (a) 60 MPa, (b) 78 MPa. 


SOLUTION 




CJ 

x = 100 MPa, <7 y = 40 MPa, <r z =0 

^ave = ^( G x + <T y ) = 70 MPa 

(«) W = 60 MPa. 




If <r z is cr min , then <r max = <j min + 2r max . 



<7 max =0 + (2)(60) = 

120 MPa 


^max - G . 

ive + R 



R = a ) 

max ^"ave 

= 120-70 = 

= 50 MPa 

G b=< J > 

max — = 

20 MPa > 0 

1 

( a -a \ 

2 


R = J 

°x °y 

+ T — A 1 

bo 2 + r 2 = 50 MPa 

v 

2 

xy \J 

xy 

V 

\ J 



T xy = V50 2 -30 2 


r xy = 40.0 MPa ◄ 

(b) r max =78 MPa. 




If <r z is a mm , then cr max =<j 

+ 2 T 

mm 1 L max 

= 0 + (2)(78) = 156 MPa. 

^"max — ^ 

'ave + R 



R = O 

max ^"ave 

= 156-70: 

= 86 MPa > r max = 78 MPa 

Set R = t x 

nax = 78 MPa. 


°min = a 

ave - R -~ 

8 MPa < 0 




2 


R= 1 


+ T V1 , = 

/30 2 + r 2 

i 

l 2 V 

xy \ 

xy 

T xy=^ 

--0 

OO 

to 

1 

UJ 

O 

to 


t = 72.0 MPa ◄ 

xy 
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PROBLEM 7.164 

The state of plane stress shown occurs in a machine component made of a 
steel with cr r = 30 ksi. Using the maximum-distortion-energy criterion, 
determine whether yield will occur when (a) r xy = 6 ksi, ( b ) r xy = 12 ksi, 
( c ) r xy =14 ksi. If yield does not occur, determine the corresponding factor 
of safety. 


SOLUTION 


For stresses in rp-plane, 
(a) 


= 24 ksi o\, =14 ksi 


a 'ave=TK + 0 'v) = 19ksi 


<T X -cr v 

— = 5 ksi 


(b) 


(c) 


T ,y = 6 ksi 


R = . 




+ r^ = V(5) 2 + (6) 2 =7.810 ksi 


P 


o a = ^ave + R = 26.810 ksi, o b = <T ave -R = 1 1.190 ksi 
: 23.324 ksi <30 ksi 
30 


F.S. = ■ 


23.324 


r YV =12 ksi 

xy 


R = 




+ r% =V(5) 2 +(12) 2 =13 ksi 


=a ave+^ = 32ksi > <?b = ^ave “ R = 6 ksi 


P 


2 + cr b — o a o b = 29.462 ksi < 30 ksi 


F.S. = ■ 


30 


29.462 


r YV =14 ksi 

xy 


R = 




+ t 2 ^ = 5) 2 +(14) 2 = 14.866 ksi 


P 


1 + °b-°a°b 


o a = <x ave + i? = 33.866, cr 6 = <J ave - = 4.134 ksi 

32.00 ksi > 30 ksi 


(No yielding) 
F.S. = 1.286 ◄ 


(No yielding) 
F.S. = 1.018 ◄ 


(Yielding occurs) A 
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PROBLEM 7.165 

The compressed-air tank AB has an inner diameter of 450 mm and a 
uniform wall thickness of 6 mm. Knowing that the gage pressure 
inside the tank is 1.2 MPa, determine the maximum normal stress 
and the maximum in-plane shearing stress at point a on the top of the 
tank. 


SOLUTION 


Internal pressure: 

r = —d = 225mm t = 6mm 
2 


P r = { 1-2X225) = 
1 t 6 


<r, = TL = 22.5 MPa 
2 2/ 

Torsion: 

Cj = 225 mm, c 2 = 225 + 6 = 231 mm 


J = |( c | _ Cl 4 ) = 446.9 X 10 6 mm 4 = 446.9 x 10“ 6 m 4 


T = (5 x 10 3 )(500 x 10“ 3 ) = 2500 N • m 


_ Tc _ (2500)(231 x 10“ 3 ) 
1 ~ J 446.9 xl0“ 6 


= 1.29224 x 10 6 Pa = 1.29224 MPa 

Transverse shear: 

t = 0 at point a. 

Bending: 

1= -J = 223.45 xl0“ 6 m 4 , c = 231xl0“ 3 m 
2 

At point a , 

M = (5 x 10 3 )(750 x 10" 3 ) = 3750 N • m 


. = MC = (3750X231 xl0- 3 ) = 3 876?Mpa 
I 223.45 x 10“ 6 

Total stresses (MPa). 


Longitudinal: 

o x = 22.5 + 3.8767 = 26.377 MPa 

Circumferential: 

G y = 45 MPa 

Shear: 

= 1.29224 MPa 
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PROBLEM 7.165 (Continued) 


^ave = ~( a x + <7y) = 35.688 MPa 


R = 


°x 

- 


V 

~2 

) 


+ r; y = 9.4007 MPa 


^max = CT ave + R = 45.1 MPa 


^"max (in-plane) = R = 9.40 MPa 


L max (in-plane) 


= 45.1 MPa ◄ 
= 9.40 MPa ◄ 
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PROBLEM 7.166 

For the compressed-air tank and loading of Prob. 7.165, determine 
the maximum normal stress and the maximum in-plane shearing 
stress at point b on the top of the tank. 

PROBLEM 7.165 The compressed-air tank AB has an inner 
diameter of 450 mm and a uniform wall thickness of 6 mm. Knowing 
that the gage pressure inside the tank is 1.2 MPa, determine the 
maximum normal stress and the maximum in-plane shearing stress at 
point a on the top of the tank. 


SOLUTION 


Internal pressure: 

r = —d = 225 mm t = 6 mm 
2 


pr (1-2X225) 

<j, = — = - — — = 45 MPa 

1 t 6 

<7, = — = 22.5 MPa 

2 2 1 

Torsion: 

c, = 225 mm, c 2 = 225 + 6 = 231 mm 


J = _ C] 4 j = 446.9 x 10 6 mm 4 = 446.9 x 10“ 6 m 4 


T = (5 x 10 3 )(500 x 10" 3 ) = 2500 N • m 


r = ^ = (250 ° )(231 X 1 f ) = 1.29224 x 10* Pa = 1.29224 MPa 
J 446.9 x 10“ 6 

Transverse shear: 

r = 0 at point b. 

Bending: 

/= -J = 223.45 x 10“ 6 m 4 , c = 231xl0“ 3 m 
2 

At point b , 

M = (5 x 10 3 )(2 x 750 x 10 -3 ) = 7500 N • m 


<7 = MC = (7500X231 xl0- 3 ) = 77534Mpa 
I 223.45 x 10“ 6 

Total stresses (MPa). 


Longitudinal: 

a x = 22.5 + 7.7534 = 30.253 MPa 

Circumferential: 

<j y = 45 MPa 

Shear: 

Tjy = 1.29224 MPa 
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PROBLEM 7.167 

The brass pipe AD is fitted with a jacket used to apply a hydrostatic pressure of 500 psi 
to portion BC of the pipe. Knowing that the pressure inside the pipe is 100 psi, 
determine the maximum normal stress in the pipe. 


SOLUTION 

The only stress to be considered is the hoop stress. This stress can be obtained by applying 


Ch = 


pr 


Using successively the inside and outside pressures (the latter of which causes a compressive stress), 

p t = 100 psi, r { - 1 - 0.12 = 0.88 in., t - 0.12 in. 

(„_), = m = ( 10 °X0.88) = 

max * t 0.12 


p 0 = 500 psi, r Q = lin., t = 0.12 in. 


(*Tnax )o 


Po r o 


( 500 )( 1 ) 


t 0.12 

+733.33 - 4166.7 = -3433.4 psi 


4166.7 psi 
si 

(imax = 3.43 ksi (compression) A 
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PROBLEM 7.168 

For the assembly of Prob. 7.167, determine the normal stress in the jacket (a) in a 
direction perpendicular to the longitudinal axis of the jacket, ( b ) in a direction parallel 
to that axis. 

PROBLEM 7.167 The brass pipe AD is fitted with a jacket used to apply a hydrostatic 
pressure of 500 psi to portion BC of the pipe. Knowing that the pressure inside the pipe 
is 100 psi, determine the maximum normal stress in the pipe. 


SOLUTION 

( a ) Hoop stress . 


p = 500 psi, t = 0.15 in., r = 2- 0.15=1.85 in. 

, , pr (500)(1.85) . 

(aA = — = = 6166.7 psi 

1 t 0.15 


<t i = 6.17 ksi A 


(b) Longitudinal stress . 

Free body of portion of jacket above a horizontal section, considering vertical forces only: 


+| ZP, = 



L f P dA ,-\ A a 2 dA i=Q 

pAr - <J 2 Aj = 0 


= P—7~ 

A J 


Areas : 


4 f = n[rl - V\ ) = 4(1. 85) 2 - (l) 2 ] = 7, 


6105 in' 


A J = 


- r 2 ) = 4(2) 2 - (1.85) 2 ] = 1.81427 in 2 


Recalling Eq. (1), 


A f 7 6105 

<j 2 = p-L = (500)— = 2097.4 psi 

A : 1.81427 


( 1 ) 


cr 9 = 2.10 ksi A 
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SOLUTION 

0 X = 45°, 6* 2 = -45°, <9 3 =0 

s x cos 2 6 *j + e sin 2 6 *, + y sin 6 X cos 6 X = s x 

0.5£ x + 0.5 s y + Q.5y xy = -50 x 10 -6 

( 1 ) 


s x cos 2 6*2 + s y sin 2 0 2 + y xy sin 0 2 cos 6* 2 = s 2 

0.5^ +0.5^ -0.5^= 360 xlO - 6 

( 2 ) 


s x cos 2 6* 3 + s y sin 2 6*3 + y sin 0 } cos 6* 3 = 

e x +0 + 0 = 3\5x\0~ 6 

(3) 

From (3), 

£ x =315xl0“ 6 in./in. 


Eq.(l)-Eq. (2): 

Yxy =-50xl0 -6 -360xl0" 6 = -410 xlO -6 in./in. 


Eq. (1) + Eq. (2): 

£ x +£ y = £ \+ £ 2 



e y =e l +e 2 -e x = -50 x 10“ 6 + 360 x 10' 6 - 3 15 x 10 -6 = -5 x 10‘ 6 in./in. 


1 

^ave — 0 


v 


£ ma x = f a ve + R = 155 X 10 " 6 + 260 X 10 " 6 ^max = 415 X 10"* in./in. ◄ 
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y 

- 

- 



P 



(a) 


(b) 


PROBLEM 7. Cl 

A state of plane stress is defined by the stress 
components <j x , <j , and r xj; associated with 
the element shown in Fig. P7.Cla. (a) Write a 
computer program that can be used to 
calculate the stress components ay ay, and 
associated with the element after it has 

x y 

rotated through an angle 9 about the z axis 
(Fig. P.7C16). ( b ) Use this program to solve 
Probs. 7.13 through 7. 1 6. 


SOLUTION 

Program following equations : 

Equation (7.5), Page 427 : ay = — c — - — — + - — — cos 29 + z xy sin 29 

Equation (7.7), Page 427: ay = - — — — — cos 29 - r xy sin 29 

<J X - <j v 

Equation (7.6), Page. 427: r x y = — — sin 20 + r ^ cos 2 9 

Enter cj x ,a y ,T xy and 9 

Print values obtained for ay , o y > and r x > > 

Problem Outputs 

Problem 7.13 

(J x = 0 ksi 
<J X = 8 ksi 
r YV = 5 ksi 

xy 


Rotation of element 

Rotation of element 

(+ counterclockwise) 

(+ counterclockwise) 

9 = -25° 

o 

O 

II 

ay = -2.40 ksi 

<r x , =1.95 ksi 

ay = 10.40 ksi 

ay = 6.05 ksi 

T'f = 0.15 ksi 

xy 

t xV = 6.07 ksi 

xy 



i 8 ksi 
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PROBLEM 7.C1 (Continued) 


Problem 7.14 


Problem 7.15 


Problem 7.16 


<j x = -60 MPa 
<y y = 90 MPa 
r = 30 MPa 

xy 


Rotation of Element 
(+ counterclockwise) 
6 = -25° 

Rotation of Element 
(+ counterclockwise) 
6 = 10° 

oy =-56.19 MPa 

g x , = -45.22 MPa 

oy = 86.19 MPa 

Gy> = 75.22 MPa 

z rV = -38.17 MPa 

Ay 

r x y= 53.84 MPa 


= 

= 

T = 

xy 

8 ksi 
-12 ksi 
-6 ksi 


Rotation of Element 


Rotation of Element 

(+ counterclockwise) 


(+ counterclockwise) 

o 

in 

(N 

1 

II 


o 

O 

II 

<j x > = 9.02 ksi 


cr y = 5.34 ksi MPa 

oy = -13.02 ksi 


G y , = -9.34 ksi MPa 

r x y = 3.80 ksi 


T x y = -9.06 ksi MPa 



OMPa 


-80 MPa 

^ xy ~ 

-50 MPa 

Rotation of Element 

Rotation of Element 

(+ counterclockwise) 

(+ counterclockwise) 

o 

in 

<N 

1 

II 

o 

O 

II 

g x ’ = 24.01 MPa 

oy =-19.51 MPa 

oy =-104.01 MPa 

Gy’ = -60.49 MPa 

t ’ ’ = -1.50 MPa 

t,, = -60.67 MPa 

xy 

xy 


90 MPa 
— 30 MPa 


fj 
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PROBLEM 7.C2 

A state of plane stress is defined by the stress components <J x ,o y , and r ^ 
associated with the element shown in Fig. P7.Cla. (a) Write a computer 
program that can be used to calculate the principal axes, the principal 
stresses, the maximum in-plane shearing stress, and the maximum shearing 
stress. ( b ) Use this program to solve Probs. 7.5, 7.9, 7.68, and 7.69. 


SOLUTION 

Program following equations : 
Equation (7.10) 

Equation (7.14) 


° x + ° y : R 
2 


f _ _ \ 2 

^x-^y 


+ T 


xy 


^"max ^"ave ^ 
J ram ~ ^ave — ^ 


Equation (7.12) 

Equation (7.15) 

Shearing stress : 
Then 


_i 2r rv 

0 n = tan 1 — 


°x-° y 


1 G r ~ CT V 

0, = tan -1 


It 


xy 


If O’max > 0 and <r min < 0 : 


max(in-plane) 


= R ; r. 


max(out-of-plane) 


= R 


Then 


If O’max > 0 and cr min > 0 : 


^max(in-plane) ^"max(out-of-plane) ^ ^max 


If O’max < 0 and <r min < 0 : 


Then 


L max( in-plane) 

Program Outputs 

Problems 7.5 and 7.9 


^ \i~\nv t in nl'inn^ ^ *) I ^ t 


max(out-of-plane) ^ 1 ~ mm i 


<7 X = -60.00 MPa 
cr = -40.00 MPa 


= 35.00 MPa 

xy 



40 MPa 


35 MPa 


60 MPa 
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PROBLEM 7.C2 (Continued) 


Program Outputs ( Continued) 

Angle between xy axes and principal axes (+ counterclockwise): 

0 p =-37.03° and 52.97° 

^max =-13.60 MPa 
<r min = -86.40 MPa 

Angle between xy axis and planes of maximum in-plane shearing stress (+ counterclockwise): 

<9 = 7.97° and 97.97° 


1 max (in-plane) 


: 36.40 MPa 


Problem 7.68 


Vax =43.20 MPa 


(7 x = 140.00 MPa 
cr = 40.00 MPa 




80.00 MPa 



Angle between xy axes and principal axes (+ counterclockwise): 


0 p = 29.00° and 119° 


max 

cr . = -4.34 


184.34 MPa 
MPa 


Angle between xy axis and planes of maximum in-plane in-plane shearing stress (+ counterclockwise): 

<9=74.00° and 164.00° 


L max (in-plane) 


94.34 MPa 


^"max (out-of-plane) = 94 -34 MPa 
<t x =140.00 MPa 
<j„ =120.00 MPa 


r = 80.00 MPa 

xy 


Angle between xy axes and principal axes (+ counterclockwise): 

9 p = 41.44° and 131.44° 

<T max = 210.62 MPa 
rr min = 49.38 MPa 

Angle between xy axis and planes of maximum in-plane in-plane shearing stress (+ counterclockwise): 

0 =86.44° and 176.44° 


L max (in-plane) 
^rnax (out-of-plane) 


: 80.62 MPa 
: 105.31 MPa 
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PROBLEM 7.C2 (Continued) 


Program Outputs ( Continued) 

Problem 7.69 

<j x = 140.00 MPa 
cr = 20.00 MPa 


xy 


80.00 MPa 


Angle between xy axes and principal axes (+ counterclockwise): 

0 p =26.57° and 116.57° 
a max = 180.00 MPa 
<r min = -20.00 MPa 

Angle between xy axis and planes of maximum in-plane in-plane shearing stress (+ counterclockwise): 

=71.57° and 161.57° 

^"max (in-plane) = 100 - 00 MPa 
r max (out-of-plane) = 100-00 MPa 

<r x =140.00 MPa 
< 7 y =140.00 MPa 
r= 80.00 MPa 

xy 

Angle between xy axes and principal axes (+ counterclockwise): 

0 p =45° and 135.00° 

<r max = 220.00 MPa 
cr min = 60.00 MPa 

Angle between xy axis and planes of maximum in-plane in-plane shearing stress (+ counterclockwise): 
<9 = 90.00° and 180.00° 


1 max (in-plane) 


80.00 MPa 


r max (out-of-plane) - ^ 10.00 MPa 
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PROBLEM 7.C3 

(a) Write a computer program that, for a given state of plane stress and a given yield strength of a ductile 
material, can be used to determine whether the material will yield. The program should use both the maximum 
shearing-strength criterion and the maximum-distortion-energy criterion. It should also print the values of the 
principal stresses and, if the material does not yield, calculate the factor of safety. ( b ) Use this program to solve 
Probs. 7.81, 7.82, and 7.164. 


SOLUTION 

Principal stresses . 


cr + <j 


y . 


cr = - 


a a - ^ave + R 
G b = °"ave ” R 




r<J x-°y ^ 2 


+ T v 


1 




2 ' 

1 


Maximum-shearing-stress criterion . 

If <J a and r b have same sign, 

z 

If r max > V yielding occurs. 

If r max < r , no yielding occurs, and factor of safety = — 

T 

Maximum-distortion-energy criterion . 

Compute radical = -<J a <J b + oy 
If radical ><J y9 yielding occurs. 

If radical < o y , no yielding occurs, and factor of safety = 

Program Outputs 

Problems 7.81a and 7.82a Yield strength = 325 MPa 


o x = -200.00 MPa 
c y = —200.00 MPa 
T xy = 100.00 MPa 
cr_ v =-100.00 MPa 


Radical 


cr min = -300.00 MPa 


cr 0 = 200 MPa 
— 100 MPa 


( 7 0 = 
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PROBLEM 7.C3 (Continued) 


Program Outputs ( Continued) 

Using the maximum-shearing-stress criterion, 
material will not yield. 

F.S. = 1.083 

Using the maximum-distortion-energy criterion, 
material will not yield. 

F.S. = 1.228 

Problems 7.81b and 7.82b Yield strength = 325 MPa 

a x = -240.00 MPa 
G y = -240.00 MPa 
t — 100.00 MPa 

xy 

<r max = -140.00 MPa 
<T min = -340.00 MPa 

Using the maximum-shearing-stress criterion, 
material will yield. 

Using the maximum-distortion-energy criterion, 
material will not yield. 

F.S. = 1.098 

Problems 7.81c and 7.82c Yield strength = 325 MPa 

cr x = -280.00 MPa 
G y = -280.00 MPa 
t = 100.00 MPa 

xy 

•^max = -180.00 MPa 
G mi n = -380.00 MPa 

Using the maximum-shearing-stress criterion, 
material will yield. 

Using the maximum-distortion-energy criterion, 
material will yield. 

Problem 7.164a Yield strength = 30 ksi 

g x = 24.00 ksi 
G y = 14.00 ksi 
r = 6.00 ksi 

xy 

^max =26.81 ksi 


|< 7 () = 240 MPa 


100 MPa 



icr 0 = 200 MPa 


100 MPa 



14 ksi 

T xl j = 6 ksi 


24 ksi 
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PROBLEM 7.C3 (Continued) 


Program Outputs ( Continued) 

(a) Using the maximum-shearing-stress criterion, 
material will not yield. 

F.S. = 1.119 

(b) Using the maximum-distortion-energy criterion, 
material will not yield. 

F.S. = 1.286 


Problem 7.164b Yield strength = 30 ksi 

<j x = 24.00 ksi 
G y = 14.00 ksi 
r = 12.00 ksi 

xy 

CT max =32.00 ksi 

CT min = 6 - 00 ksi 

(a) Using the maximum-shearing-stress criterion, 
material will yield. 

(b) Using the maximum-distortion-energy criterion, 
material will not yield. 

F.S. = 1.018 

Problem 7.164c Yield strength = 30 ksi 

cr x = 24.00 ksi 
<j v = 14.00 ksi 
r = 14.00 ksi 

Ay 

^max = 33.87 ksi 
C7min= 4.13 ksi 


(a) Using the maximum-shearing-stress criterion, 
material will yield. 

(b) Using the maximum-distortion-energy criterion, 
material will yield. 


14 ksi 

T xy = 12 ksi 


24 ksi 


14 ksi 

T xtJ = 14 ksi 


24 ksi 
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PROBLEM 7.C4 

( a ) Write a computer program based on Mohr’s fracture criterion for brittle materials that, for a given state of 
plane stress and given values of the ultimate strength of the material in tension and compression, can be used 
to determine whether rupture will occur. The program should also print the values of the principal stresses. 

( b ) Use this program to solve Probs. 7.89 and 7.90 and to check the answers to Probs. 7.93 and 7.94. 


SOLUTION 

Principal stresses . 


cr + <T 


= - 


G a ^ave ^ 

G b = °"ave ” ^ 


r = a 




+ T 


xy 


Mohr’s fracture criterion . 

If G a and cr b have same sign, and 
a a < cr UT and a b < cr uc , no failure; 
g a < G m or G b > cr uc , failure. 

If G a > 0 and G b < 0 : 

Consider fourth quadrant of Figure 7.47 . 

For no rupture to occur, point ( G a , G b ) must lie within Mohr’s envelope (Figure 7.47). 
If G b > Criterion, 
then rupture occurs . 

If g u < Criterion, 


then no rupture occurs . 



' $ur 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1227 





PROBLEM 7.C4 (Continued) 


Program Outputs 

Problem 7.89 

cr x =10.00 MPa 
o y =-100.00 MPa 

T xy = 60 MPa 


Ultimate strength in tension 

= 80 MPa 

Ultimate strength in compression = 

= 200 MPa 

^"max 

= a a 36.39 MPa 

*Tnin 

= a b -126.39 MPa 

Rupture will occur 


Problem 7.90 cr T 

= -32.00 MPa 


= 0.00 MPa 

T xy 

= 75.00 MPa 

Ultimate strength in tension 

= 80 MP 

Ultimate strength in compression 

= 200 MP 


CT max =cr « 60.69 MPa 
o-min =°b -92.69 MPa 


100 MPa 
60 MPa 


10 MPa 


7 ksi 


8 ksi 


Rupture will not occur. 

To check answers to the following problems, we check for rupture using given answers and an adjacent value. 
Answer : 

Rupture occurs for r 0 =3.67 ksi. 


Problem 7.93 ci x = 8.00 ksi 

G y - 0.00 ksi 
—> t yv = 3.67 ksi <— 

Ultimate strength in tension = 10 ksi 
Ultimate strength in compression = 25 ksi 

<W=<U 9.43 ksi 
o'min =cr 6 -!. 43 ksi 


8 ksi 


T o 
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PROBLEM 7.C4 (Continued) 

Program Outputs ( Continued) 

Rupture will not occur. 

<j x = 8.00 ksi 
G y = 0.00 ksi 
— ^ T rv — 3.68 ksi ^ — 

Ultimate strength in tension = 10 ksi 
Ultimate strength in compression = 25 ksi 

O'max = 9.44 ksi 

CT min = -1.44 ksi 

Rupture will occur. 

Answer : 

Rupture occurs for r 0 = 49.1 MPa. 

Problem 7.94 g x = -80.00 MPa 

G y = 0.00 MPa 
—> t yv =49.10 MPa <— 

Ultimate strength in tension =75 MPa 
Ultimate strength in compression =150 MPa 

O’max =cr a = 23.33 MPa 
^min = °b = “103.33 MPa 

Rupture will not occur . 

g x = —80.00 MPa 
G y = 0.00 MPa 
— » t xv = 49.20 MPa <— 

Ay 

Ultimate strength in tension = 75 MPa 
Ultimate strength in compression =150 MPa 

ff max =G a =23.41 MPa 
= o* =-103.41 MPa 

Rupture will occur . 


80 MPa 


T o 
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PROBLEM 7.C5 



A state of plane strain is defined by the strain components s x , s , 
and y xy associated with the x and y axes, (a) Write a computer 
program that can be used to calculate the strain components s x < , s , , 
and y x y associated with the frame of reference xy obtained by 
rotating the x and y axes through an angle 6. (b) Use this program to 
solve Probs 7.129 and 7.131. 


SOLUTION 

Program following equations : 

Equation (7.44): s x , = x y + * y qo$ 26 + ^y xy sm26 

s x + s v s x - s v l 

Equation (7.45): s y > = — ^-^Esin20-— cos 26 

Equation (7.46): y x y = ~{s x -s y ) sin 26 + y ^ cos 26 

Enter s x , s y9 y^, and 6. 

Print values obtained for s x , , e , , and y ^ . 

Program Outputs 

Problem 7.129 s x = 240 micro meters 

s y =160 micro meters 
y xy =150 micro radians 

Rotation of element, in degrees (+ counterclockwise): 

6 = -60° 

s x ' = 1 15.05 micro meters 
s y < - 284.95 micro meters 
y x y = - 5.72 micro radians 

Problem 7.131 s x = 0 micro meters 

s = 320 micro meters 
y xy = -100 micro radians 

Rotation of element, in degrees (+ counterclockwise): 

6 = 30° 

s x f = 36.70 micro meters 

Sy - 283.30 micro meters 
y x y = 227.13 micro radians 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1230 


PROBLEM 7.C6 

A state of strain is defined by the strain components and y xy associated with the x and y axes. 

(a) Write a computer program that can be used to determine the orientation and magnitude of the principal 
strains, the maximum in-plane shearing strain, and the maximum shearing strain. ( b ) Use this program to 
solve Probs 7.136 through 7.139. 


SOLUTION 


Program following equations : 
Equation (7.50): 

Equation (7.51): 


£ x +£ v 

*™= J hr L R = 


£x-£y 

V 2 y 


+ 


V 2 y 


£ max £ 2 lvq ^ ^Ynin £ a ve ^ 


Equation (7.52): 
Shearing strains : 


0 tan" 1 ^— 

£ X -£y 

Maximum in-plane shearing strain 

max (in-plane) — 


Calculate out-of-plane shearing strain and check whether it is the maximum shearing strain. 


Let s n - £„ 


Calculate 


1 — v 


(e a +e b ) 


If £ a> £ b> £ c . 

If s a >s c >£ b , 

If £ c> £ a >£ b > 


^out-of-plane — £ a £ c 

^out-of-plane — £ a £ b ~ 

^out-of-plane ~ £ c ~ £ b 


Program Printout 

Problem 7.136 s x = -260 micro meters 

s = -60 micro meters 
y xy = 480 micro radians 
v = 0.333 
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PROBLEM 7.C6 (Continued) 

Program Printout ( Continued) 

Angle between xy axes and principal axes (+ = counterclockwise): 

6 p - -33.69° 
s a =100.00 micro meters 
s b = -420.00 micro meters 
£ c =159.98 micro meters 
y max(in-piane) =520.00 microradians 
fmax =579.98 microradians 

Problem 7.137 £ x = -600 micrometers 

£ y = -400 micrometers 
Y xy =350 microradians 
v = 0.333 

Angle between xy axes and principal axes (+ = counterclockwise): 

6 p =-30.13° 

£ a - -298.44 micrometers 
£ b = -701.56 micrometers 
£ c = 500.00 micrometers 
y max(in-piane) = 403.1 1 microradians 
y max =1201.56 microradians 

Problem 7.138 £ x =160 micrometers 

£ = -480 micrometers 
y xy = -600.00 microradians 
v = 0.333 

Angle between xy axes and principal axes (+ = counterclockwise): 

d p =-21.58° 

£ a = 278.63 micrometers 
£ b = -598.63 micrometers 
£ c =159.98 micrometers 
y max(in-piane) = 877 - 27 microradians 
Xmax - 877.27 microradians 

Problem 7.139 £ x = 30 micrometers 

£ = 570 micrometers 
y xy =720 microradians 
v = 0.333 
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PROBLEM 7.C6 (Continued) 


Angle between xy axes and principal axes (+ = counterclockwise): 

0 p = -26.51° 
a a =750.00 micrometers 
£ h - -150.00 micrometers 
s c = -300.00 micrometers 
Y max(in-piane) =900.00 microradians 
fmax =1050.00 microradians 
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PROBLEM 7.C7 

A state of plane strain is defined by the strain components s x , s and y measured at a point, (a) Write a 
computer program that can be used to determine the orientation and magnitude of the principal strains, the 
maximum in-plane shearing strain, and the magnitude of the shearing strain. ( b ) Use this program to solve 
Probs 7.140 through 7.143. 


SOLUTION 


Program following equations 
Equation (7.50) £ aV( 

Equation (7.51) 

Equation (7.52) 

Shearing strains : 


£* + £„ 


R = 


+ 


fy \ 
r xy 


v 2 y 


^max ^ave ^ ^min ^*ave ^ 


0 D = tan-' 

* r» 


Maximum in-plane shearing strain 

y xy( in-plane) — 

Calculate out-of-plane-shearing strain and check whether it is the maximum shearing strain. 
Let £„ = 


= 0 ( Plain strain) 

If £ a > £ b > £ c> y out-of-plane = £ a ~ £ c 

If £ a > £ c > £ b> y out-of-plane ~ £ a~ £ b ~ ^ 

If £ c> £ a> £ b’ y out-of-plane ~ £ c ~ £ b 


Program Printout 

Problem 7.140 s x = 60 micrometers 

8 = 240 micrometers 
y xy = -50 microradians 
v = 0.000 

Angle between xy axes and principal axes (+ = counterclockwise): 

0 p = 7.76 and -82.24° 

s a = 243.41 micrometers 
£ b =56.59 micrometers 
s c = 0.00 micrometers 
Xmax(in-piane) = 186 - 82 microradians 
Xmax = 243.41 microradians 
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PROBLEM 7.C7 (Continued) 


Program Printout ( Continued) 

Problem 7.141 £ x - 400 micrometers 

s y = 200 micrometers 
y xy =375 microradians 
v = 0.000 

Angle between xy axes and principal axes (+ = counterclockwise): 

0 p = 30.96 and -59.04° 
s a =512.50 micrometers 
£ b = 87.50 micrometers 
£ c = 0.00 micrometers 
Y maxi in-piane) =425.00 microradians 
Xmax =512.50 microradians 

Problem 7.142 s x =300 micrometers 

£ = 60 micrometers 
y xy =100 microradians 
v = 0.000 

Angle between xy axes and principal axes (+ = counterclockwise): 

0 p =11.31 and -78.69° 

£ a =310.00 micrometers 
£ b = 50.00 micrometers 
£ c = 0.00 micrometers 
Y max(in-piane) = 260 - 00 microradians 
Xmax =310.00 microradians 

Problem 7.143 £ x = -1 80 micrometers 

£ v = -260 micrometers 
Y xy = 315 microradians 
v = 0.000 

Angle between xy axes and principal axes (+ = counterclockwise): 

0 p =37.87 and -52.13° 

£ a = -57.50 micrometers 
£ b = -382.50 micrometers 
£ c =0.00 micrometers 
y max(in-piane) =325.00 microradians 
fmax =382.50 microradians 
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PROBLEM 7.C8 

A rosette consisting of three gages forming, respectively, angles of 0 X , 0 2 , and 0 3 with the x axis is attached 
to the free surface of a machine component made of a material with a given Poisson’s ratio v. (a) Write a 
computer program that, for given readings s x , s 2 , and £ 3 of the gages, can be used to calculate the strain 
components associated with the x and y axes and to determine the orientation and magnitude of the three 
principal strains, the maximum in-plane shearing strain, and the maximum shearing strain, (b) Use this 
program to solve Probs 7.144, 7.145, 7.146, and 7.169. 


SOLUTION 


For n = 1 to 3, enter 6 n and s n . 
Enter: NU = V 


Solve Equation (7.60) for s x , £ , and y xy using method of determinates or any other method. 


Enter 


+ s 


y . 


R- 


8 a 8 max Atve R 

8 b ~ ^ma x — ^avg — R 




l — V 


( £ a +£ b) 


o 1,-1 X xy 
<9 =— tan — 

p 2 e-e„ 


+ X 


xy 


Shearing strains : 


Maximum in-plane shearing strain 

/^max( in -plane) — 2R 


Calculate out-of-plane shearing strain , and check whether it is the maximum shearing strain. 

If £ < £ t 


b ’ ^out-of-plane 8 a 8 c 

If £ c > £ a , /out-of-plane ~ 8 c~ 8 b 

Otherwise, r out _ of _ plane = 2R 


Problem Outputs 

Problem 7.144 


Gage 

Theta Degrees 

Epsilon Micro Meters 

i 

-15 

480 

2 

30 

-120 

3 

75 

80 
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PROBLEM 7.C8 (Continued) 


Program Outputs ( Continued ) 


Problem 7.145 


s x = 253.21 micrometers 
s =306.79 micrometers 
y = -892.82 microradians 
£ a =727.21 micrometers 
s b - -167.21 micrometers 
y max (in-piane) =894.43 microradians 


Gage 

Theta Degrees 

Epsilon Micro Meters 

i 

30 

600 

2 

-30 

450 

3 

90 

-75 


£ x = 725.00 micrometers 
£ = -75.000 micrometers 
y xy =173.205 microradians 
£ a = 734.268 micrometers 
£ b = -84.268 micrometers 
y max (in-piane) =818.535 microradians 

Problem 7.146 

Observe that Gage 3 is orientated along the y axis. Therefore, 

enter 0 4 and £ 4 as 0 3 and £ 3 , the value of £ that is obtained is also the expected reading of Gage 3. 


Gage 

Theta Degrees 

Epsilon in./in. 

i 

0 

420 

2 

45 

—45 

4 

135 

165 


£ x = 420.00 in./in. 

£ y = -300.00 in./in. 

Y^ =-210.00 microradians 
£ a = 435.00 in./in. 

£ b = -315.00 in./in. 

/max (in-plane) =750.00 microradians 
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CHAPTER 8 







a 



PROBLEM 8.1 

A W10x39 rolled-steel beam supports a load P as shown. Knowing that 
P = 45 kips, a = 10 in., and cr all =18 ksi, determine (a) the maximum value of 
the normal stress cr m in the beam, ( b ) the maximum value of the principal stress 
cr max at the junction of the flange and web, (c) whether the specified shape is 
acceptable as far as these two stresses are concerned. 


SOLUTION 


Tlmax = 90 kips 

l M lmax = ( 45 )( 10 ) = 450 ki P • in - 

For W10x39 rolled steel section, 

b f = 7.99 in., tf = 0.530 in., 


■ B 


a 


-10ft- 


j ^jj j j 


HS 


n 


-*iT 


M (k.p'i*T 


— H-So fcft* 


J 


d = 9.92 in., uj 
t =0.315 in., T = 209 in 4 5. = 42.1 in 3 


1 


d = 4.96 in. 


(a) 


yb 


4.43 in. 


<y„, = 




yb 


b ) 4 f 


450 
42.1 

4.43 

496 

4.2347 in 


<j m = 10.69 ksi M 


(10.69) = 9.55 ksi 

2 


7/ =-(c + y b ) = 4 -695 in. 
Q b = A f y f = 19.8819 in 3 


\ZUQb (45)(19.8819) 


xy 


R 


4 xKv 


El 

2 


+ T 


(209X0.315) 
14.4043 ksi 


13.5898 ksi 


xy 


(b) 

(c) 


^- + R = 19.18 ksi 
2 


Since <r max > <r all (= 18 ksi), 


o'max = 19.18 ksi ◄ 
W10 x 39 is not acceptable . M 
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PROBLEM 8.2 

Solve Prob. 8.1, assuming that P = 22.5 kips and a = 20 in. 

PROBLEM 8.1 A W10x39 rolled-steel beam supports a load P as shown. Knowing that P = 45 kips, 
a = 10 in., and cr all =18 ksi, determine ( a ) the maximum value of the normal stress <J m in the beam, ( b ) the 
maximum value of the principal stress cr max at the junction of the flange and web, (< c ) whether the specified 
shape is acceptable as far as these two stresses are concerned. 
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p PROBLEM 8.3 



> 

'c An overhanging W920 x 449 rolled-steel beam supports a load P as shown. 



Knowing that P = 700 kN, a = 2.5 m, and <r all =100 MPa, determine ( a ) the 


R 

maximum value o± the normal stress a m m the beam, ( b ) the maximum value 




of the principal stress cr max at the junction of the flange and web, (c) whether 


a ► 

a ► 

the specified shape is acceptable as far as these two stresses are concerned. 


SOLUTION 



V 


(kU) 


loo 



\V\ mm = 700 kN = 700 x 10 3 N 

|M| max = (700 X 10 3 )(2.5) = 1 .75 X 10 6 N • m 

For W920x449 rolled steel beam, 

d = 947 mm, bj- = 424 mm, tj- = 42.7 mm, 

t w = 24.0 mm, 


1 


c = —d= 473.5 mm. 
2 


4 =8780x1 0 6 mm 4 , S x = 18,500x 10 3 mm 3 
y b - c- tj- = 430.8 mm 


(«) = 


\M\ a 


„ „ 


1.75x10° 

’ 18,500x 10“ 6 

430.8 


a m = 94.595 MPa 
cr = 94.6 MPa ◄ 


473.5 


(94.595) = 86.064 MPa 


A f =b f t, = 18.1048 xlO 3 mm 2 


y f = — (c + y h ) = 452.15 mm 
J 2 

Q b =A f y f =8186.1 xlO 3 mm 3 = 8186.1 xl0 _6 m 3 

iIUA = (7Q°>< 1 o7(«^i><io-‘) = 27 ., 94M p, 

v Tt (8780 x 1 0 -6 )(24.0 x 1 0 -3 ) 


I „dw 


f - \ 


R- 


v2y 


+ T 


xy 


86.064 


+ 27.194 =50.904 MPa 


(b) ci nYiX = -b- + R= 93.9 MPa 


(c) Since 94.6 MPa < cr all (= 100 MPa), 


^max =93.9 MPa ◄ 
W920x449 is acceptable . A 
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PROBLEM 8.4 

Solve Prob. 8.3, assuming that P = 850 kN and a = 2.0 m. 

PROBLEM 8.3 An overhanging W920x449 rolled-steel beam supports a load P as shown. Knowing that 
P = 700 kN, a = 2.5 m, and cr all =100 MPa, determine (a) the maximum value of the normal stress <J m in the 
beam, ( b ) the maximum value of the principal stress cr max at the junction of the flange and web, (c) whether 
the specified shape is acceptable as far as these two stresses are concerned. 


SOLUTION 



(wa 


85 o 


-850 

M (lO c 


- U70 



in, 


:850kN = 850xl0 3 N 


|M| max = (850 x 1 0 3 )(2.0) = 1 .70 x 1 0 6 N • m 

For W920x449 rolled steel section, 

d = 947 mm, b f = 424 mm, t f = 42.7 mm, 

t w =24.0 mm, I x =8780x1 0 6 mm 4 , S x = 18,500 x 10 3 mm 3 

c=^d= 473.5 mm y b =c-tj =430.8 mm 


(a) 


cr m = - 


m n 


y b 


1.70x10 
1 8,500 x 10 -6 

430. 


a m =91.892 MPa 
a,= 91.9 MPa ◄ 


cr,, = — cr m =- 


473.5 


(91.892) = 83.605 MPa 


Af = bftf = 18. 1048 x 10 3 mm 2 


y f = —(c + y b ) = 452.15 mm 
2 

Q b =A f y f = 8186.1 xlO 3 mm 3 = 8186.1 x 10" 6 m 3 


\V\ mm Q b _(850xl0 3 )(8186.1xl0- b ) 


xy 




(8780xl0“ 6 )(24.0xl0“ 3 ) 


= 33.021 MPa 


f- \ 2 


R = , 


V ^ J 


+ T xy -• 


( 83.605 


+ 33.021 =53.271 MPa 


(b) 


- + R = 95.1 MPa 


(c) Since 95.1 MPa < C7 all (= 100 MPa), 


o- max =95.1 MPa ◄ 
W920x449 is acceptable . 4 
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40 kN 

■ i 

PROBLEM 8.5 

(a) Knowing that cr all = 160 MPa and r all =100MPa, select the most 
c economical metric wide-flange shape that should be used to support the 

A 


A~ b =A- loading shown. ( b ) Determine the values to be expected tor <j m , r m , and 


-<■ 4.5 m 2.7 m — ^ 

the principal stress cr max at the junction of a flange and the web of the 
selected beam. 


SOLUTION 


40 kN 



V (kw') 



M 


B0.S6S 



+E M c = 0: ~ 11r a + (2.2)(7.2)(3.6) + (40)(2.7) = 0 
^ = 22.92 kN 
V A = R A = 22.92 kN 
Fg" = 22.92 - (2.2)(4.5) = 13.02 kN 
Fg = 13.02 - 40 = -26.98 kN 
V c = -26.98 - (2.2)(2.7) = -32.92 kN 
M a =0 

Mg = 0 + f(22.92 + 13.02)(4.5) = 80.865 kN • m 
M c = 0 



80.865 x IQ 3 
165 x 10 6 


= 490 x 10" 6 m 3 


= 490 x 10 3 mm 3 


Shape 

SOO 3 mm 3 ) 

W360 x 39 

578 

W310 x 38.7 

547 

W250 x 44.8 

531 

W200 x 52 

511 


(a) Use W310x 38.7. ◄ 
d = 310 mm tj = 9.65 mm 
t w = 5.84 mm 
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PROBLEM 8.5 (Continued) 


(P) a m = 

^ m ~ 

C = 
°b = 
At point B , 


M 5 _ 80.865 Xl0^_ 147 _ 834xl06pa 


547 x 10 


i-6 




i i max _ 


32.92 x 10 


,3 


dt w (310 x 10 _3 )(5.84 x 10 -3 ) 


1 - 3 ' 


= 18.1838 xlO 6 Pa 


— d = 155 mm y b - c - tj = 155 - 9.65 = 145.35 mm 


— <r m = [ 1(147.834) = 138.630 MPa 

c V 155 


T = 


(26.98 xlO 3 ) 


dt w (310xl0“ 3 )(5.84xl0“O 


1 - 3 ' 


= 14.9028 MPa 


7 ? = .11 — 
2 


A 


r 3 = 7(69.3 15) 2 + (14.9028) 2 = 70.899 MPa 


o- max = ^- + R = 69.315 + 70.899 


o m = 147.8 MPa ◄ 


r m = 18.18 MPa ◄ 


<T max = 140.2 MPa A 
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PROBLEM 8.6 

( a ) Knowing that cr all =160 MPa and r all =100 MPa, select the most 
economical metric wide-flange shape that should be used to support 
the loading shown. ( b ) Determine the values to be expected for 
cr m , r m , and the principal stress cr max at the junction of a flange and 
the web of the selected beam. 


SOLUTION 

275 kN 


B 




1.5 m 


• 3.6 m - 


1.5 m 


D 

275 kN 




R b = 504.17 kN t R c = 504.17 i 


m 


\V\ = 275 kN \M\ = 412.5 kN 

I Imax I Imax 

. = I^L = 412W = 2 , 78 x 10 - m’ 


-’all 


160x10° 


= 25 78 x 10 3 mm 3 


Shape 

^(lO 3 mm 3 ) 

W760x 147 

4410 

W690x 125 

3490 

W530x 150 

3720 

W460xl58 

3340 

W360x 216 

3800 


(a) Use W690 x 125. ◄ 


d = 678 mm tj- =16.3 mm t w = 11.7 mm 


(b) 


| M 


- 412 - 5xlQ = 1 18.195 x 10 6 Pa 


3490 x 10 


-6 


in 


275 x 10" 


max _ l imax 

K ~ dt w - (678 xl0- 3 )(l 1.7x1 0“ 3 ) 


34.667 x 10 6 Pa 


a m = 118.2 MPa ◄ 


r m = 34.7 MPa ◄ 


c = —d = — — — ■ = 339 mm, t f = 16.3 mm, y h = c - t f = 339 - 16.3 = 322.7 mm 
2 2 J J 


° b = |(118.195) = 112.512 MPa 


R = A\^-\ + T 2 m = 7(56.25 6) 2 + (34.667) 2 = 66.080 MPa 


o-max = + R = 56.256 + 66.080 


^max = 122.3 MPa ◄ 
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20 kips 




20 kips PROBLEM 8.7 




2 kips/ft 



A 







- (a) Knowing that cr all = 24 ksi and r all = 14.5 ksi, select the most 

/i 


D economical wide-flange shape that should be used to support the loading 




s 

ST 

shown. ( b ) Determine the values to be expected for cr m , r m , and the 




on ft , 


principal stress cr max at the junction of a flange and the web of the 


io ft" 


oU tt 3 

' 10 ft 

selected beam. 


SOLUTION 




R a = 50 kipst 


R d = 50 kipst 


\V\ = 30 kips 

I 'max 


M = 200 kip • ft = 2400 kip • in. 

I 'max 



2400 

24 


= 100 in 3 


Shape 

5 (in 3 ) 

W24 x 68 

154 

W21 x 62 

127 

W18 x 76 

146 

W16 x 77 

134 

W12 x 96 

131 

W10 x 1 12 

126 


(b) 


(a) UseW21x62. ◄ 


d = 21.0 in. tj- = 0.615 in. t w = 0.400 in. 


cr,„ = 


|M| 


2400 

- — - = 18.8976 ksi 


127 


in 


30 


= 3.5714 ksi 


dt w (21.0)(0.400) 

c = 2 d = = 10 - 50 in - yb = c ~ t f = 10.50 - °- 615 = 9.8850 in - 


<r m = 18.9 ksi 4 
r m = 3.57 ksi 4 


- Zb 


<y h = —cr m = 


9.8850 

10.50 


(18.8976) = 17.7907 ksi 


R 


2* ] + r 2 = 7(8.8954) 2 + (3.5714) 2 = 9.5856 ksi 

V 2 


<t = ^- + R = 8.8954 + 9.5856 = 18.4810 ksi 


°max = 18.48 ksi A 
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1.5 kips/ft 



PROBLEM 8.8 

(a) Knowing that cr all = 24 ksi and r all = 14.5 ksi, select the most 
economical wide-flange shape that should be used to support the loading 
shown. ( b ) Determine the values to be expected for cr m , and the 
principal stress cr max at the junction of a flange and the web of the selected 
beam. 


SOLUTION 


1.5 kips/ft 




+)EM S = 0: -12 R a + (1.5)(18)(3) = 0 R A = 6.75 kipst 
+)Z M a = 0: 12 R B + (1.5)(18)(9) = 0 R B = 20.25 kipst 


(a) 


\v\ =11.25 kips 

I Imax A 

|M|max - 27 kip • ft = 324 kip • in. 
c _ Mmax _ 324 


''all 


24 


13.5 in 


Shape 

S( in 3 ) 

W12 x 16 

17.1 

W10x 15 

13.8 

W8 x 18 

15.2 

W6 x 20 

13.4 


Use W10 x 15. 


◄ 


d = 10.0 in. 
tj- = 0.270 in. 
t w = 0.230 in. 


(b) 



324 

1U8 


23.478 ksi 



11.25 

(10.0)(0.230) 


4.8913 ksi 



5.00 in. 


a m = 23.5 ksi A 


T m = 4.89 ksi -4 
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PROBLEM 8.8 (Continued) 


y b = c - tf = 5.00 - 0.270 = 4.73 in. 



°max = 23 - 2 ksi < 
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PROBLEM 8.9 

The following problem refers to a rolled-steel shape selected in a problem of Chap. 5 to support a given 
loading at a minimal cost while satisfying the requirement <j m < cr all . For the selected design (use the loading 
of Prob. 5.73 and selected W530 x 92 shape), determine (a) the actual value of <j m in the beam, ( b ) the 
maximum value of the principal stress <T max at the junction of a flange and the web. 
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PROBLEM 8.9 (Continued) 


At sections B and C: 


M 


<j m = 


yb 


270 X 10-* 
2080 x 10“ 

250.9 


= 129.808 MPa 


j b - —u m - (129.808) = 122.209 MPa 

c 266.5 

_VQ _ VA f y _ (82.5 x 10 3 )(3260.4 x 10“ 6 )(258.7 x 10“ 3 ) 


It 


IK 


(554 x 10“ 6 )(10.2 x 10“ 3 ) 


12.3143 MPa 


R = 


^max - ~Y + R 


^ + rl = 62.333 MPa 


= 123.4 MPa ◄ 
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PROBLEM 8.10 

The following problem refers to a rolled-steel shape selected in a problem of Chap. 5 to support a given 
loading at a minimal cost while satisfying the requirement <j m < cr all . For the selected design (use the loading 
of Prob. 5.74 and selected W250 x 28.4 shape), determine (a) the actual value of a m in the beam, ( b ) the 
maximum value of the principal stress <T max at the junction of a flange and the web. 


SOLUTION 


50 lcN/m 



v/ 



)M ON 



(b) cr max - G b 


From Problem 5.74, cr all = 160 MPa 
| TIT | max = 48 kN • m at section E , which lies 1.6 m to the right of B. 


11 = 0 

For W250 x 28.4 rolled-steel section, 

d = 259 mm Ty = 102 mm y = 10.0 mm 

t w = 6.35 mm / = 40.1 x 10 6 mm 4 
S = 308 X 10 3 mm 3 


c = 



129.5 mm 


(«) a m 



48 x 10 3 
308 x 10“ 6 


<j m = 155.8 MPa ◄ 


y h = c - tf = 1 19.5 mm 

1 9 

Af = —bftf - 1020 mm 2 

y = ^Ac + y b ) = 124.5 mm 
Q = A f y = 126.99 x 10 3 mm 3 = 126.99 x 10“ 6 m 3 


At section E , 


0 


M = 


cj b = — = 143.8 MPa 

c 

r.-»2.o 




(Jmax = 143.8 MPa ◄ 
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PROBLEM 8.11 

The following problem refers to a rolled-steel shape selected in a problem of Chap. 5 to support a given 
loading at a minimal cost while satisfying the requirement a m < cr all . For the selected design (use the loading 
of Prob. 5.75 and selected S12 x 31.8 shape), determine (a) the actual value of <J m in the beam, ( b ) the 
maximum value of the principal stress <T max at the junction of a flange and the web. 
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PROBLEM 8.12 

The following problem refers to a rolled-steel shape selected in a problem of Chap. 5 to support a given 
loading at a minimal cost while satisfying the requirement <J m < cr all . For the selected design (use the loading 
of Prob. 5.76 and selected S15 x 42.9 shape), determine (a) the actual value of <J m in the beam, (b) the 
maximum value of the principal stress <T max at the junction of a flange and the web. 
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PROBLEM 8.13 

The following problem refers to a rolled-steel shape selected in a problem of Chap. 5 to support a given 
loading at a minimal cost while satisfying the requirement <J m < cr all . For the selected design (use the loading 
of Prob. 5.77 and selected S510 x 98.2 shape), determine (a) the actual value of <J m in the beam, ( b ) the 
maximum value of the principal stress <T max at the junction of a flange and the web. 


SOLUTION 


SO kN 



From Problem 5.77, 


'all 


160 MPa 


M = 256 kN • m at point B 

max 

\v\ = 360 kN at B 

For S510 x 98.2 rolled-steel section, 


d = 508 mm, 


159 mm, 


20.2 mm 





t = 12.8 mm, I x = 495 x 10 6 mm 4 , S x = 1950 x 10 3 mm 3 


c = —d = 254 mm 
2 


(a) 


M 


256 x 10 J 


1950 x 10 


-6 


= 131.3 MPa 


y b = c - tj- = 233.8 


n 

c 


= 120.9 MPa = 60. 45 MPa 


Af = bj-tj- = 3212 mm 2 



y = —(c + y b ) = 243.9 mm 

Q = A f y = 783.4 x 10 3 mm 3 

_VQ_ (360 x 10 3 )(783.4 x 10~ 6 ) 
Tb ~ It w ~ (495 x 10 _6 )(12.8 x 10" 3 ) 


44.5 MPa 


R = J ^ + rl = V60.45 2 + 44.5 2 = 75.06 MPa 


(b) (7 max = + R = 60.45 + 75.06 = 135.5 MPa 


135.5 MPa ◄ 
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PROBLEM 8.14 

The following problem refers to a rolled-steel shape selected in a problem of Chap. 5 to support a given 
loading at a minimal cost while satisfying the requirement <J m < cr all . For the selected design (use the loading 
of Prob. 5.78 and selected S460 x 81.4 shape), determine (a) the actual value of <j m in the beam, ( b ) the 
maximum value of the principal stress <T max at the junction of a flange and the web. 


SOLUTION 

bo 


40 

B y Y c 


4o 




vYum) 


At section C, 


Reactions: 


R a = 65 kN t R d = 35 kN t 


r — 1 

A 

V- 

t 

j Sp.1 

n n 

2 .5m 

\ P' 

2 . b%v\ 

^ _ > 1 

b vv\ 


P 


m max =65kN 

|M| max =175kN-m 

For S460x81.4 rolled-steel section, 
d = 457 mm, 

j 

1 


bj = 152 mm, 


tj = 17.6 mm, 



t w =11.7 mm, c-—d = 228.5 mm 

w 2 

/ = 333 x 10 6 mm 4 S = 1460 x 10 3 mm 3 


(a) 


(b) 


H 


175 xlO 3 


1460 x 10 


-6 


119.863 xlO 6 Pa 


= 119.9 MPa ◄ 


y b = c - tj = 210.9 mm 
Ay = bftf = 2675.2 mm 2 

y - -^(c + y h ) = 219.7 mm 
Q = A f y = 587.74 x 10 3 mm 3 


210.9 


„ _yb„ 

CT U ~ ~ 

b c 228.5 


(119.863) = 110.631 MPa 
VQ _ VA f y _ (35 x 10 3 )(2675.2 x 10~ 6 )(219.7 x 10~ 3 ) 


It 


It, 


(333 x 10 _6 )(11.7 x 10 -3 ) 


5.2799 MPa 


R = 


+ rt = 55.567 MPa 


= ^- + R 


<7 m ax = 1 10.9 MPa 4 
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PROBLEM 8.17 


Using the notation of Sec. 8.2 and neglecting the effect of shearing stresses caused by transverse loads, show 
that the maximum normal stress in a circular shaft can be expressed as follows: 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1262 







PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1263 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 




10 in. 


10 in. 


PROBLEM 8.19 

The vertical force Pi and the horizontal force P2 are applied as shown 
to disks welded to the solid shaft AD. Knowing that the diameter of the 
shaft is 1.75 in. and that r all = 8 ksi, determine the largest permissible 
magnitude of the force P 2 . 
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PROBLEM 8.21 

It was stated in Sec. 8.2 that the shearing stresses produced in a shaft by the 
transverse loads are usually much smaller than those produced by the torques. In 
the preceding problems, their effect was ignored and it was assumed that the 
maximum shearing stress in a given section occurred at point //(Fig. P8.21a) and 
was equal to the expression obtained in Eq. (8.5), namely, 

r H =y^M 2 +r 2 



Show that the maximum shearing stress at point K (Fig. P8.21Z), where the effect 
of the shear V is greatest, can be expressed as 

Tk= 7^ (Mcos ^ )2+ (f cF+r ] 

where /? is the angle between the vectors V and M. It is clear that the effect of the 
shear V cannot be ignored when r K >t h . {Hint: Only the component of M along 
V contributes to the shearing stress at K.) 


SOLUTION 


Shearing stress at point K . 

2 3 

Due to V: For a semicircle, O = —c 

3 

For a circle cut across its diameter, 

For a circular section, 


/ = d = 2c 



VQ (H(fc 3 ) 2 Vc 2 

It ~ J 


Due to T : 




Tc_ 

J 


Since these shearing stresses have the same orientation, 

^2 ^ 


c 
= — 

J 


xy 


-Vc + T 

v3 y 
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PROBLEM 8.22 

Assuming that the magnitudes of the forces applied to disks A and C of 
Prob. 8.19 are, respectively, P x = 1080 lb and P 2 = 810 lb, and using 
the expressions given in Prob. 8.21, determine the values t h and r K 
in a section {a) just to the left of B , ( b ) just to the left of C. 


10 in. 
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PROBLEM 8.23 

The solid shaft AB rotates at 600 rpm and transmits 
80 kW from the motor M to a machine tool 
connected to gear F. Knowing that r all = 60 MPa, 
determine the smallest permissible diameter of 
shaft AB. 


SOLUTION 






/ 


600 rpm 
60 sec /min 


10 Hz 


Gear C: 


P _ 80 x 10 J 
2n f ~ (2zr)(10) 

T 


1273.24 N • m 


^ 1273.24 

F C = T 

80 x 10“ 3 


15.9 1 55 x 10 3 N 


Gear D : 


- D 


Fd = 


1273.24 = 21.221 x10 3 N 


60 x 10 


i _ 3 


Forces in vertical plane : 


M Cz = (120 x IQ" 3 ) 


— F c 

10 c 


1336.90 N • m 


M D7 = —M C7 = 572.96 N • m 

dz 28Q Cz 


Forces in horizontal plane : 


M Dy = { 120 xlO- 3 ) 


10 


1782.56 N.m 


M Cv = Mr h , = 763.95 N • m 

Cy 280 y 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1271 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1272 





PROBLEM 8.24 

Solve Prob. 8.23, assuming that shafts# rotates at 
720 rpm. 

PROBLEM 8.23 The solid shaft AB rotates at 600 
rpm and transmits 80 kW from the motor M to a 
machine tool connected to gear F. Knowing that 
T a n = 60 MPa, determine the smallest permissible 
diameter of shaft AB. 


SOLUTION 


Ic 

Jo 


Fe 


S3 


f 


720 rpm 
60 sec / min 


12 Hz 


3 


8 



^ n o r\ 

'7^ 


A < 

: o 

CD 

Ul° 



r 

I49S’.? 

i fr — - 


JL r Gear C: F, 

lo *«. 1 


P _ 80 X 10 
2 nf “ (2zr)(12) 

I 


1061.03 N • m 


^ 1061.03 

F C = T 

80 x 10“ 3 


13.2629 xl0 J N 


Gear D\ 


F d = 


r D 

106L03 = 17.6838 ,10>N 


60 x lo- 


ir 

lo r » 


Forces in vertical plane : 


M Cz = (120 x 10“ 3 )| —F c 


10 


1 1 14.08 N • m 


M 


120 


Dz 


280 

Forces in horizontal plane : 


M Cz = 477.46 N.m 


M Dy = (120 x 10- 3 ) 


^ — F 

10 D 


= 1485.44 N • m 


M Cv = —M Dv = 636.62 N • m 
■ 280 y 
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PROBLEM 8.25 

The solid shafts ABC and DEF and the gears shown are used to transmit 
20 hp from the motor M to a machine tool connected to shaft DEF. 
Knowing that the motor rotates at 240 rpm and that r all = 7.5 ksi, 
determine the smallest permissible diameter of {a) shaft ABC , ( b ) shaft 
DEF. 


6 in. 


SOLUTION 


(a) Shaft ABC : 


Gear C : 


Bending moment at B \ 


( b ) Shaft DEF \ 

Bending moment at E : 


20 hp = (20)(6600) = 132 x 10 3 in.- lb/s 

„„„ 240 „ TT 

240 rpm = = 4 Hz 

60 


P 132 xlO 3 


27Tf (2tt)C4) 


= 5252 lb • in. 


T 5252 

Fcd = = 7 = 875.4 lb 

r c 6 


M b = (8)(875.4) = 7003 lb • in. 


L all 


=j4mCF 2 


3 Vm 2 +T 2 V(5252) 2 + (7003) 2 ^ 


c 2 r all 7500 

c = 0.9057 in. d = 2c 
T = r D F CD = (3.5)(875.4) = 3064 lb • in. 
M e = (4)(875.4) = 3502 lb • in. 


1671 in 3 

d = 1.811 in. ◄ 


‘all 


= -Vm 2 +t 2 

j 


J _ n 3 _ 
~c~~2° 


Vm 2 + T 2 _ V(3502) 2 + (3064) 2 


^ all 


7500 


c = 0.7337 in. d = 2c 


= 0.6204 in 3 

d = 1.467 in. ◄ 
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PROBLEM 8.26 

Solve Prob. 8.25, assuming that the motor rotates at 360 rpm. 

PROBLEM 8.25 The solid shafts ABC and DBF and the gears shown are 
used to transmit 20 hp from the motor M to a machine tool connected to 
shaft DBF. Knowing that the motor rotates at 240 rpm and that 
r aii - 7.5 ksi, determine the smallest permissible diameter of (a) shaft 
ABC, (b) shaft DBF. 


6 in. 


SOLUTION 


(t a ) Shaft ABC : 


Gear C: 


20 hp = (20)(6600) = 132 x 10 3 in. • lb/s 
360 

360 rpm = = 6 Hz 

60 


132 xlO 3 


2 nf (2/r)(6) 

T 3501 


: 3501 lb - in. 


CD 


6 


583.6 lb 


Bending moment at B : M B = (8)(583.6) = 4669 lb • in. 


‘all 


= jVm 2 +r 2 


J _ n 3 _ 

7 _ T C 


4m 2 + t 2 


^ all 


V4669 2 + 350 1 2 
7500 


= 0.77806 in 3 


c = 0.791 in. d = 2c 

(b) Shaft DEF : T = r D F CD = (3.5)(583.6) = 2043 lb • in. 

Bending moment at E \ M E = (4)(583.6) = 2334 lb • in. 


d = 1.582 in. ◄ 


^ all 


-j4m~ 2 + r 2 


J 71 3 

4~~2 C 


Vm 2 + t 2 


V2334 2 + 2043 3 


‘all 


7500 


= 0.41362 in 3 


c = 0.6410 in. d = 2c 


d = 1.282 in. ◄ 
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90 mm 


PROBLEM 8.27 

The solid shaft ABC and the gears shown are used to transmit 10 kW 
from the motor M to a machine tool connected to gear D. Knowing 
that the motor rotates at 240 rpm and that r all = 60 MPa, determine 
the smallest permissible diameter of shaft ABC. 


SOLUTION 


f- 


240 rpm 
60 sec/ min 


= 4 Hz 


10x10 


2 nf (2^)(4) 


= 397.89 N-m 


Gear ,4: 


Fr A -T=0 


T 397 89 

F = — = ; = 4421 N 


90x10 


-3 


Bending moment at B : 


m b = L ab F = (1 00 x 1 0“ 3 )(442 1) = 442. 1 N • m 


^ all 


= -Vm 2 + t 2 

j 


J _ n 3 _ 


Vm 2 +r 2 


^ all 


^3 


2 V/H 2 +T 2 (2)V 442. 1 2 +397.89 2 





r all ^-(60x 10 ) 

c = 18.479 xl0~ 3 m = 2c = 37.0 x 1 0 3 m 


= 6.3108 x 10~ 6 m 3 


d =37.0 mm ^ 
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PROBLEM 8.28 

Assuming that shaft ABC of Prob. 8.27 is hollow and has an outer 
diameter of 50 mm, determine the largest permissible inner diameter 
of the shaft. 

PROBLEM 8.27 The solid shaft ABC and the gears shown are used 
to transmit 1 0 kW from the motor M to a machine tool connected to 
gear D. Knowing that the motor rotates at 240 rpm and that 
r aii ~ 60 MPa, determine the smallest permissible diameter of 
shaft ABC. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1278 



PROBLEM 8.29 


The solid shaft AE rotates at 600 rpm and 
transmits 60 hp from the motor M to 
machine tools connected to gears G and H. 
Knowing that r all = 8 ksi and that 40 hp is 
taken off at gear G and 20 hp is taken off at 
gear H , determine the smallest permissible 
diameter of shaft AE. 


SOLUTION 


60 hp = (60)(6600) = 396 x 1 0 3 in. • lb/ sec 
600 rpm 


f- 


60 sec/min 


: 1 0 Hz 


Torque on gear B : 


396x10 


,3 


2 7i f 2 ^( 10 ) 


:6302.51b -in. 


Torques on gears C and D : 


Shaft torques: 


Gear forces: 


T r =—T K =4201.7 lb -in. 
c 60 B 

T n = —T B =2100.8 lb -in. 

D 60 B 


AB: T ab = 0 
BC : T bc = 6302.5 lb -in. 
CD: T cd =2100.8 lb -in. 
DE : T de — 0 


F b =E = 63 ^ 2 - 5 =2100.8 lb 
F c = — = 4201-7 = 1050.4 lb 

r c 4 

^ = 7^=21008 = 525 21b 
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PROBLEM 8.29 (Continued) 



6‘m.s. it - ik 
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PROBLEM 8.30 

Solve Prob. 8.29, assuming that 30 hp is 
taken off at gear G and 30 hp is taken off at 
gear H. 

PROBLEM 8.29 The solid shaft AE rotates 
at 600 rpm and transmits 60 hp from the 
motor M to machine tools connected to gears 
G and H. Knowing that r all = 8 ksi and that 
40 hp is taken off at gear G and 20 hp is 
taken off at gear H , determine the smallest 
permissible diameter of shaft AE. 


SOLUTION 


60 hp = (60)(6600) 

= 396xl0 3 in.*lb/sec 
600 rpm 


f- 


60 sec/min 


10 Hz 


Torque on gear B\ 

P 396 xlQ 3 
b ~ 2 7tf~ 2x(l0) 

Torques on gears C and D\ 

T r =—T r =3151.3 lb -in. 
C 60 B 

T n =—T r =3151.3 lb-in. 
D 60 B 


- 6302.5 lb • in. 


Shaft torques: 


AB: T ab = 0 
BC: T bc = 6302.5 lb -in. 
CD: T cd =3151.3 lb -in. 
DE : T de = 0 
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PROBLEM 8.30 (Continued) 


Gear forces: 



6302.5 

3 

3151.3 

4 

3151.3 

4 


= 2100.8 lb 


= 787.8 lb 


= 787.8 lb 


Forces in vertical plane : 



a g c. d e 


At B + , ^M 2 z +M^ +F 2 = Vl838.2 2 +6214.9 2 +6302.5 2 
= 9040.2 lb • in. (maximum) 




At C~, JM: +m 2 +t 2 


= V4595.5 2 + 2932.4 2 + 6302.5 2 
= 8333.0 lb -in. 


^ all 


■W- 


Ml + M 2 +T 2 


J n 3 _ 
9040.3 


u 


mI+m 2 +t 2 


8x10 


^ all 


= 1.1300 in 3 


c- 0.8960 in. d = 2 c 


Forces in horizontal plane : 



qvh. it - 


d = 1.792 in. ◄ 
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SOLUTION 

Let p be the slope angle of line AB. 


tan y 6 = — 
12 


p = 26.565° 


Draw a free body sketch of the portion of the machine element lying above section abc. 

P = -(1.2) sin p = -0.53666 kips 

V = 1.2cos/? = 1.07331 kips 


Section properties: 


M = (1.8)(1.2cos/?) = 1.93196 kip -in. 
A = (1.0) 2 = 1.0 in 2 

I = -L(1.0)(1.0) 3 =0.083333 in 4 


c = 0.5 in. 


(a) Point a: 


a = 


P Mx 
A I 


-0.53666 (1 .93 1 96)(— 0. 5) 


1.0 


0.083333 


(. b ) Point b: 


P -0.53666 

a = — = 

A 1.0 

Q = (0.5)(1.0)(0.25) = 0.125 in 3 
VQ (1.07331)(0.125) 


T = 


P Mx 

(c) Point c: a = 

A I 


It (0.083333)(1.0) 

-0.53660 (1.93196)(0.5) 


1.0 


0.083333 



a- = 1 1.06 ksi ◄ 
T = 0 A 

a = -0.537 ksi ◄ 

t = 1.610 ksi A 

a = -12.13 ksi M 
T= 0 ◄ 
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SOLUTION 

Let (3 be the slope angle of line AB. 


tan B = — 
12 


P = 26.535° 


Draw a free body sketch of the portion of the machine element lying to the right of section def. 

P = -(1.2) cos/? 

= -1.07331 kips 
V = 1.2 sin p = 0.53666 kips 
M = (3.5)(1.2sin/?) = 1.87831 kip • in. 


Section properties: 


(a) Point d: 


(b) Point e : 


(c) Point / 


^ = (1.0) 2 = 1.0 in 2 

/ = — (1.0)(1.0) 3 = 0.083333 in 4 
12 

c = 0.5 in. 

P My -1.07331 (1.8783 1)(0.5) 

° ~ A I 1.0 0.083333 




p 

<J = — = 
/) 


-1.07331 

1.0 


g = (0.5)(1.0)(0.25) = 0.125 in 3 
VQ (0.53666)(0.125) 


It (0.083333X1.0) 

-1.07331 (1.8783 1)(— 0.5) 


P My 

<7 = 

A I 


1.0 


0.083333 


a = -12.34 ksi ◄ 
r = 0 ◄ 

a = -1.073 ksi ◄ 


r = 0.805 ksi ◄ 

a = 10.20 ksi M 
T= 0 ◄ 
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SOLUTION 


DB = Vo.75 2 + 1.8 2 
= 1.95 m 


Vertical component of T DB : 
Horizontal components of T DB : 


"075) 

vl-95 J 


(10.4) = 4kN 


1.8 

1.95 


(10.4) = 9.6 kN 


f IrW 


L J 

< 

-<• 

S 

y • 


1 |*o.c -* 

1 i 

*-0.1 — + 

V 

i 


If ktf 


At section containing points a, b, and c, 

P = -9.6 kN V = 14 - 4 = 10 kN 

M = (1.5X4) - (0.6X14) = -2.4 kN • m 

Section properties: 

A = (0.150)(0.200) = 0.030 m 2 
/ = ^(0.150)(0.200) 3 = 100 x 10" 6 m 2 
c = 0.100 m 


At point a , 


P Me 9.6 x 10 3 (2.4 x 10 3 )(0.100) 

A I 0.030 lOOxlO -6 






2.08 MPa a x = 2.08 MPa ◄ 


At point b , 


_P_ Mc_ 

”7 ~T 


9.6 xlQ 3 (2.4 x 10 3 )(0.100) 
0.030 100 x 10 -6 


-2.72 MPa 


T xy = 0 < 

<j x = -2.72 MPa ◄ 


r,v = 0 < 
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PROBLEM 8.35 

Member AB has a uniform rectangular cross section of 10 x 24 mm. For the 
loading shown, determine the normal and shearing stress at (a) point H , 
(. b ) point K. 


SOLUTION 






+)2M B = 0: (120 cos 30°)/?^ -(60sin30°)(9) = 0 


\\ 



R a = 2.598 kN 


\ \ 



+T T,F y = 0: B y - 9 = 0 S > ,=9kNt 

T^£F x =0: 2.598 -B x =0 B x = 2.598 kN <- 


\ \ By 

At the section containing points H and K , 





P = 9 cos 30° + 2.598 sin 30° = 9.093 kN 




V = 9 sin 30° - 2.598 cos 30° = 2.25 kN 





M = (9 x 1 0 3 )(40 x 1 0" 3 sin 30°) 

? 




- (2.598 x 10 3 )(40 x 10 -3 cos 30°) 





= 90 N • m 

\ 1 

\X 



A = 10x240 = 240 mm 2 =240x1 0~ 6 m 2 
/ = -L(l°)( 24 ) 3 =11.52 x l o3 inm 4 = 1 1.52x 10 _9 m 4 



(«) 

At point //„ 






P 9.093 xlO 3 

A~ 240 xlO -6 


<j = -37.9 MPa ◄ 



3 V 3 2.25 xlO 3 
Txy ~ 2A~ 2 240 xlO -6 


t = 14.06 MPa ◄ 

(b) 

At point K , 

P Me 





_ A I 





9.093 xlO 3 (90)(12xl0 -3 ) 
240 x 10 -6 1 1.52xl0 -9 


(7 = -131.6 MPa ◄ 





T = 0 4 
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SOLUTION 


+)ZM S = 0: (9)(60sin30°) - 120 R A = 0 
R a = 2.25 kN 

'LF X = 0: 2.25cos30°-5 x =0 
B x = 1.9486 kN<- 

+ t hF y = 0: 2.25 sin 30 ° -9 + B y = 0 
B y = 7.875 kN t 

At the section containing points H and K, 

P = 7.875 cos 30° + 1 .9486 sin 30° = 7.794 kN 
V = 7. 875 sin 30° - 1.9486 cos 30° = 2.25 kN 
M = (7.875 x 10 3 )(40x 10“ 3 sin 30°) 

- (1 .9486 x 1 0 3 )(40 x 1 0“ 3 cos 30°) 

= 90 N • m 

^ = 10x24 = 240 mm 2 =240xl0 _6 m 2 
7 = ^-( 1() )( 24 ) 3 =11.52xl0 3 mm 4 =11.52xl0 _9 m 4 

. . . . r r P 7.794 xlO 3 

(a) At point H, ci. = = — 

A 240 xlO -6 

3 V 3 2.25x1 Q 3 
Txy ~ 2 A ~ 2 240 x 10” 6 




a x = -32.5 MPa ◄ 
t yv =14.06 MPa ◄ 

xy 


(b) At point K , 


P Me _ 7.794 xlO 3 (90)(12xlQ~ 3 ) 

A I 240 xlO -6 11.52xl0 -9 


a x =-126.2 MPa ◄ 

T xy=° < 
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9 kip • in. 


PROBLEM 8.37 


1 1 

1 1 

i i 

1 1 

^1.5 kips 
> 

A 1.5-kip force and a 9-kip • in. couple are applied at the top of the 2.5-in.- 
diameter cast-iron post shown. Determine the normal and shearing stresses at 
(a) point H , ( b ) point K. 



1 9 in. 

^4 



SOLUTION 

Diameter = 2.5 in. 

At the section containing points H and K, 


P = 0 V = 1.5 kips 

T = 9 kip in. M = (1.5)(9) = 13.5 kip • in. 

d= 2.5 in. c = —d = 1.25 in. 

2 

A = nc 2 = 4.909 in 2 I = — c 4 = 1.9175 in 4 J = 21 = 3.835 in 4 


For a semicircle. 


(a) At point H 


Q = -c 3 = 1.3021 in 3 
3 


cr H =0 < 


t h = — + ^-= (9)(L25) + (^X 1 - 3021 ) = 2.934 + 0.407 = 3.34 ksi t h = 3.34 ksi ◄ 


(b) At point K, 


J It 3.835 (1.9175)(2.5) 

Me _ (13.5)(1.25) _ 


/ 1.9175 

Tc _ (9)(1 .25) 


-8.80 ksi 


t k - - 


J 3.835 


= 2.93 ksi 


8.80 ksi ◄ 


t k = 2.93 ksi ◄ 
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PROBLEM 8.38 

Two forces are applied to the pipe AB as shown. Knowing that 
the pipe has inner and outer diameters equal to 35 and 42 mm, 
respectively, determine the normal and shearing stresses at 
( a ) point a , ( b ) point b. 


SOLUTION 


c n = — = 21 mm, 
0 2 


)■ = — = 17.5 mm A = n[c 2 0 - c 2 j = 423.33 mm 2 


J = |( c 4 - cf ) = 158.166 X 10 3 mm 4 / = T/ = 79.083 x 10 3 mm 4 


For semicircle with semicircular cutout, 

r\ 

Q = -(cl-c]) = 2.6011 X 10 3 mm 3 
At the section containing points a and b. 



P = -1500 N V z = -1200 N V x = 0 
M z = -(45 x 10 _3 )(1 500) = -67.5 N • m 
M x = -(75 x 10“ 3 )(1200) = -90 N • m 
T = (90 x 10" 3 )(1200) = 108 N • m 


P M^c -1500 (~90)(21 x 1Q~ 3 ) 

a ~ A I 423.33 x 10" 6 79.083 x 10" 9 

. _ Tc | V X Q _ (1 08)(2 1 x IQ' 3 ) < Q 
J It 158.166 xlO -9 

_P_ M z c _ -1500 (-67.5)(21 x 10~ 3 ) 

° ~ A I 423.33 x 10“ 6 79.083 x 10“ 9 

_Tc_ \V Z \ Q (108X21 xlQ~ 3 ) (1200X2.6011 xlQ~ 6 ) 

J It 158.166 xlO" 9 (79.083 x 10“ 9 X7 x 10“ 3 ) 


a = 20.4 MPa ◄ 
x = 14.34 MPa ◄ 
cr = -21.5 MPa ◄ 
t = 19.98 MPa ◄ 
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PROBLEM 8.39 

Several forces are applied to the pipe assembly shown. 
Knowing that the pipe has inner and outer diameters 
equal to 1.61 in. and 1.90 in., respectively, determine the 
normal and shearing stresses at (a) point H , (b) point K. 
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SOLUTION 

At the section containing point H , 

P = 12 kips (compression) 

V = 2.5 kips 
T = (2)(2.5) = 5 kip • in. 

M = (8)(2.5) = 20 kip • in. 

d = 1.8 in. c = — c/ = 0.9 in. 
2 

A = ;rc 2 = 2.545 in 2 

/ = — c 4 = 0.5153 in 4 
4 

J = 21 = 1.0306 in 4 


For a semicircle, 

2 = -c 3 = 0.486 in 3 
3 

Point H lies on neutral axis of bending. 

P 12 

<j h = — = = -4.715 ksi 

A 2.545 

_ Tc | VQ _ (5)(0.9) | (2.5X0.486) 
Th J It 1.0306 (0.5153)(1.8) 

= 5.676 ksi 


\Z k.p* 






p* 


H 


;l S kip i^ 

k.p. 
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Use Mohr’s circle. 


PROBLEM 8.41 (Continued) 

^.71 s k>; 



(a) 


G a ^ave ^ 


G b - ^ave ~ ^ 


tan 20 = ( 2 X 5 - 676 ) = 2 .408 
p 4.715 


(*) W = * 


cr a = 3.79 ksi ◄ 
<j b = -8.50 ksi A 

0 a = 33.7° ◄ 

0 b = 123.7° ◄ 
W = 6.15 ksi ◄ 
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PROBLEM 8.42 

The steel pipe AB has a 72-mm outer diameter 
and a 5-mm wall thickness. Knowing that the 
arm CDE is rigidly attached to the pipe, 
determine the principal stresses, principal 
planes, and the maximum shearing stress at 
point H. 


SOLUTION 


Replace the forces at C and E by an equivalent force-couple system at D. 

F D = 9 - 3 = 6 kN | 

T d = (9 x 10 3 )(1 20 x 10“ 3 ) + (3 x 10 3 )(120 x 10" 3 ) = 1440 N • m 
At the section containing point H, 

P = 0 F = 6kN T = 1440 N • m 

M = (6 x 10 3 )(150 x 10" 3 ) = 900 N • m 

Section properties: d 0 = 72 mm c Q = —d Q =36 mm c i =c Q - t = 31 mm 



A = tt(c 2 0 - cf) = 1.0524 x 10 3 mm 2 = 1.0524 x 10“ 3 m 2 
/ = f(cf - cf) = 593.84 x 10“ 3 mm 4 = 593.84 x 10" 9 m 4 


J = 21 = 1.1877 x 10 -6 m 4 


For half-pipe, Q = | (c 3 - cf) = 1 1 .243 x 1 0 3 mm 3 = 1 1 .243 x 1 0" 6 m 3 

At point H , point //lies on the neutral axis of bending. cr H = 0. 

_Tc_ VQ _ (1440)(36 x 10~ 3 ) (6 x 10 3 )(1 1,243 x 10~ 6 ) 

Th ~ J It 1.1877 xlO -6 (593.84 x 10" 9 )(10 x 10 3 ) 


Use Mohr’s circle. 



a c = 0 

R = 55.0 MPa 
+ R 

a b = cr c -R 

G a = -45°, 0 b = +45° 


55.0 MPa 


o a = 55.0 MPa ◄ 
a b = -55.0 MPa ◄ 

◄ 

W = 55 -° MPa ^ 
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PROBLEM 8.43 

A 13-kN force is applied as shown to the 60-mm-diameter cast-iron 
post ABD. At point H , determine (< a ) the principal stresses and 
principal planes, ( b ) the maximum shearing stress. 


SOLUTION 


DE = Vl25 2 + 300 2 = 325 mm 


At point D , 


^ = 0 


F=- 


300 
325 
f 125 ^ 


(13) 


-12 kN 


300 j 


(13) = -5 kN 


Moment of equivalent force-couple system at C, the centroid of the section containing point H\ 

-1.00/ + 0.75j-1.8*kN-m 
Section properties: 


M 


i j k 
0.150 0.200 0 
0 -12 -5 


U kW 


I 


For a semicircle, 



d = 60 mm c = —d = 30 mm 
2 

A = nc 2 = 2.8274 x 10 3 mm 2 


I = — c 4 = 636.17 xio 3 mm 4 
4 

J = 21 = 1.2723 x 10 6 mm 4 


Q = -c 3 = 18.00 xlO 3 mm 3 
3 
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PROBLEM 8.43 (Continued) 


At point H, 


= _P_M = _ 12 x 10* (1.8 x 10 3 )(30 x 10-3) = ^ Mpa 

A I 2.8274 xlO" 3 636.17 xl0“ 9 

Tc VQ (0.75 x 10 3 )(3Q x 10~ 3 ) (5 x 10 3 )(18.00 x 10~ 6 ) 

J It 1.2723 x 10-® (636.17 x 10- 9 )(60x 10- 3 ) 



(a) 


tan 2 d p 


o\ ve = = -44.565 MPa 

ave 2 


R =V)^ 

= 48.863 MPa 

G a ~ ^ave + R 

c 7 a = 4.30 MPa ◄ 

a b = G ave ~ R 

07, = -93.4 MPa ◄ 

2t h = 0.4497 


g H 



(b) 


e a = i2.i°, e b = 102.1 0 ◄ 

r max = R = 48-9 MPa ◄ 
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PROBLEM 8.44 

A vertical force P of magnitude 60 lb is applied to the crank at points. 
Knowing that the shaft BDE has a diameter of 0.75 in., determine the 
principal stresses and the maximum shearing stress at point H located 
at the top of the shaft, 2 in. to the right of support D. 


SOLUTION 



0.24 



0.4\5{A 


Force-couple system at the centroid of the section containing 
point H\ 

F x = 0, V y = -0.06 kips, V z = 0 
M z = -(5 - 2 + 1)(0.06) = -0.24 kip • in. 

M x = -(8sin60°)(0.06) = -0.41569 kip • in. 

d = 0.75 in. c = —d = 0.375 in. 

2 


+ s.o i as k*; 

h 

^ 




I = — C ^ = — (0.375) 4 = 15.5316 x 10“ 3 in 4 
4 4 

J = 2/ = 31.063 xl0“ 3 in 4 


At point H, 


- M - (-0-24X0.375) 

° H ~ I z 15.5316 x 10 -3 
_ Tc_ _ (0.41569X0.375) _ 
Tr ~ J ~ 31.063 xl0“ 3 

Use Mohr’s circle. <r ave = —<r H = 


- = 5.7946 ksi 
5.0183 ksi 
2.8973 ksi 


R 



5.7946 ksi 



^"ave 

+ R 

^max = 8 - 69 

ksi 

◄ 


— ^"ave 

-R 

^min = -2-90 

ksi 

◄ 

tan 26 „ 

(N 

II 

2(5.0183) , 

= v = 1.7321 




P 


5.7946 




0a 

= 30.0 

° 9 b = 120.0° 




T 

max 

= R 


Anax = 5 - 79 

ksi 

◄ 
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PROBLEM 8.45 (Continued) 


(a) Point a : x = 0, z = 0.9 in., Q = (1.8)(2.4)(1.2) = 5.184 in 3 



(t = _^ + 0+ (2IX0 ; 9) 

8.64 2.3328 

. (6)(5.184) 

(16.5888)(1.8) 

o b ) Point b \ jc = 1 .2 in., z = 0.9in., Q = (1.8)(1.2)(1.8) = 3.888 in 3 



50 | (51)(1.2) [ (21X0.9) 
8.64 16.5888 2.3328 


T = - 


(6)(3.888) 


(c) Point c : 


: 2.4 in., z : 


(16.5888)(1.8) 
: 0.9 in., Q = 0 


■ = 0.781 ksi 


50 [ (51X2.4) [ (21)(0,9) 
8.64 16.5888 2.3328 


a = 2.31 ksi A 
t = 1.042 ksi A 


a = 6.00 ksi A 
t - 0.781 ksi ◄ 


cj = 9.69 ksi A 
T = 0 A 
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PROBLEM 8.46 (Continued) 


(a) Point a : x = 0, z = 0.9 in., Q = (1.8)(2.4)(1.2) = 5.184 in 3 



_ 50 , n , (24)(0,9) 

8.64 2.3328 

. (6X5.184) 

(16.5888)(1.8) 

(b) Point b \ * = 1.2 in., z = 0.9in., Q = (1.8)(1.2)(1.8) = 3.888 in 3 



_ 50 | (60)(1.2) | (24X0.9) 

8.64 16.5888 2.3328 

. (6)(3.888) 

(16.5888)(1.8) 

(c) Point c : x = 2.4in., z = 0.9in., 0 = 0 

_ 50 < (60)(2.4) | (24)(0,9) 

8.64 16.5888 2.3328 


<t = 3.47 ksi ◄ 
r = 1 .042 ksi A 


a = 7.81 ksi ◄ 
r = 0.781 ksi 


o- = 12.15 ksi ◄ 
r = 0 M 
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PROBLEM 8.47 

Three forces are applied to the bar 
shown. Determine the normal and 
shearing stresses at (a) point a , 
( b ) point b , (c) point c. 


SOLUTION 

A = (60)(32) = 1920 mm 2 
= 1920xl0" 6 m 2 

I z =— (60)(32) 3 =163.84xl0 3 mm 4 


= 1 63.84 xl0“ 9 m 4 
I y = ~(32)(60) 3 

= 579 x IQ 3 mm 4 
= 576xl0“ 9 m 4 

At the section containing points a, b, and c, 

P = lOkN 
V y = 750 N, 

V z = 500 N 

M z = (180x1 0“ 3 )(750) 
= 135 N-m 

M y = (220 x 1 0~ 3 )(500) 
= 1 10 N • m 
T = 0 

p , Ky M >> z 

A ^ l y 



iso w 



2 


Top View 
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PROBLEM 8.47 (Continued) 


(a) Point a : 


(b) Point b \ 


y = 16 mm, z = 0, Q = Az = (32)(30)(15) = 14.4 x 10 3 mm 3 



22 . 

-M 


10xl0 3 (13 5)(1 6x1 0 -3 ) 

a ~ “ l 5 0 

1920 xl0“ 6 163.84 xlO -9 

(500)(14.4x 1Q~ 6 ) 
r_ (576xl0~ 9 )(32xl0“ 3 ) 


cr = 18.39 MPa ◄ 
r = 0.391 MPa ◄ 


y = 16 mm, z = -15mm, Q = Az = (32)(15)(22.5) = 10.8 x 10 3 mm 3 







1 






~T 


3a. 


_k_ 


(c) Point c : 


lOxlQ 3 (13 5)(1 6x1 0 3 ) (1 10)(-15 x 10 3 ) 

~~ 1920 xlO -6 163.84 xl0~ 9 576xl0" 9 

(500)(10.8x 1Q~ 6 ) 
r_ (576xl0~ 9 )(32xl0~ 3 ) 

y -16 mm, z = -30 mm, Q- 0 

lOxlQ 3 (1 35)(1 6x1 0 3 ) (110)(-30xlQ~ 6 ) 

~~ 1920 x 10 -6 163.84 x 10” 9 576xl0~ 9 


<7 = 21.3 MPa ◄ 
t = 0.293 MPa ◄ 


a = 24.1 MPa ◄ 
r = 0 A 
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SOLUTION 

A = (60)(32) = 1920 mm 2 
= 1920xl0" 6 m 2 

I z = ^(60)(32) 3 

= 1 63.84 xlO 3 mm 4 
= 163.84xl0" 9 m 4 

I y =~(32)(60) 3 

= 576xl0 3 mm 4 
= 576xl0“ 9 m 4 

At the section containing points a, b, and c, 
j P = 10kN T = 0 
V y = 750 N 
V z = 500 N 

M z = (180x1 0 _3 )(750) 

= 135 N -m 

M y = (220 x 10“ 3 )(500) 

= 110N • m 

j P , M z y MyZ_ 

A I, l y 






1S*> U 


V- 


Side View 


aV» 


M < 


k- 

7 




-*V 


£ooV 


Top View 
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PROBLEM 8.48 (Continued) 


(a) Point a : 


( b ) Point b \ 


(. c ) Point c : 


y = 16 mm, z = 0, Q = Az = (32)(30)(15) = 14.4 x 10 3 mm 3 



lOxlO 3 (135)(16xl0^ 3 ) 
_ 1920 x 10” 6 163.84xl0" 9 

(500)(14.4xlQ~ 6 ) 

_ (163.84 x10 _9 )(32x10 _3 ) 


o- = -7.98 MPa ◄ 
t = 0.391 MPa ◄ 


y = 16 mm, z = -15mm, Q = Az = (32)(15)(22.5) = 10.8 xlO 3 mm 3 



lOxlO 3 (1 35)(1 6x1 Q~ 3 ) (1 1 0)( — 1 5 x 1Q~ 3 ) 

1920 xlO" 6 163.84 xlO -9 576 xlO- 9 

(500X10.8 x IQ' 6 ) 

_ (163.84 xlO -9 X32xlO -9 ) 

V = 1 6 mm, z = -30 mm, Q = 0 

lOxlO 3 (135X16 xlQ~ 3 ) (110X-30xlQ~ 3 ) 
_ 1920xl0 -6 163.84xl0 -9 576xl0 -9 


cr = -5.11 MPa ◄ 
x = 0.293 MPa ◄ 


cr = -2.25 MPa ◄ 
T - 0 A 
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SOLUTION 


Components of 500-lb force: 
(500)(1.75) 


F r = 


F y=~ 


6.25 

(500X6) 


= 140 lb 


= -480 lb 


6.25 

Moment arm of 500-lb force: 
F = 3.25 i + (6 - 1)7 
Moment of 500-lb force: 


M = 


i j k 
3.25 5 0 

140 -480 0 


= -2260 k lb • in. 


At the section containing point H, P = -480 lb V x =140 lb 

V z = -6000 lb, M z = -2260 lb • in., M x = -(4)(6000) = -24,000 lb • in. 


A = (1.5)(2.4) = 3.6 in i 2 


h = ~(2-4)(1.5) 3 = 0.675 in 4 


M^x _ 


L H 


P 

A I z 
3 V z _ _ 3 6000 
2 A ~ 2 3.6 


480 (-2260X0.75) .... . 

+ 4 21 1 = -2644 psi 

3.6 0.675 


= 2500 psi 


MW f%i 


H 


T 


: 
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PROBLEM 8.49 (Continued) 


Use Mohr’s circle. 



0 a = 31.1°, 


Unax ^ 


T 

‘'max 


= 1506 psi A 
-4150 psi A 

\ = 121 . 1 ° ◄ 
= 2830 psi 4 
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SOLUTION 


Components of 500-lb force: 
(500X1.75) 


F, = 


6.25 

(500)(6) 


= 140 lb 
-480 lb 


J 6.25 
Moment arm of 500-lb force: 
r = 3.25/ + (6 - I)) 


M = 


i 

3.25 

140 


j k 
5 0 

-480 0 


= -2260 k lb • in. 


At the section containing point H, P = -480 lb V x = 140 lb 

V z = -1500 lb, M z = -2260 lb • in., M x = -(4)(1500) = -6000 lb • in. 


A = (1 -5X2.4) = 3.6 in 2 


I z = ^(2.4)(1.5) 3 = 0.675 in 4 


P Mx 480 (-2260)(0.75) „„ . 

t h = — + — 2- = + 4 24 2 = -2644 psi 

AT 3.6 0.675 


t h ~ - 


IK 

2 A 


3 1500 
2 3.6 


625 psi 


i 


p*« 

Kt. GZS psi 


H 
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PROBLEM 8.50 (Continued) 
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PROBLEM 8.51 

Three forces are applied to the machine component ABD 
as shown. Knowing that the cross section containing 
point H is a 20 x 40-mm rectangle, determine the 
principal stresses and the maximum shearing stress at 
point H. 
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PROBLEM 8.51 (Continued) 


Use Mohr’s circle. 



G a - ^ave + R 

cr a = 25.2 MPa 

a b = ^ave - R 

<j b = -0.87 MPa 

tan 26* = ^ Th = ( 2 )( 4 - 6875 ) _ 0 .3846 
p a H 24.375 


6 a = 10.5°, G b = 100.5° 


Uiax — R 

W = 13 - 06 MPa 
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PROBLEM 8.52 

Solve Prob. 8.51, assuming that the magnitude of the 
2.5-kN force is increased to 10 kN. 

PROBLEM 8.51 Three forces are applied to the 
machine component ABD as shown. Knowing that the 
cross section containing point H is a 20 x 40-mm 
rectangle, determine the principal stresses and the 
maximum shearing stress at point H. 


SOLUTION 


Equivalent force-couple system at section containing point H\ 


■ 3 kN, F, 


0.5 kN, F 


10 kN 


M x = 0 ,M y = (0.150)(10,000) = 1500 N • m 
M z = -(0.150)(500) = -75 N • m 
A = (20)(40) = 800 mm 2 = 800 x 10“ 6 m 2 


10 ktJ 




I =— (40)(20) 3 = 26.667 x 10 3 mm 4 = 26.667 x 10“ 9 m 4 
z 12 


cr H =-- 


P M z y 


-3000 


(-75)00 x 10“ 3 ) 


A I z 800x 10 
_ 3 \V Z \ _ 3 10,000 


-6 


t H ~ ~ 


2 A 2 800x 10 


.—6 


26.667 x 10 
= 18.75 MPa 


-9 


= 24.375 MPa 


1 

° c - 2 ' aH 


12.1875 MPa 


R = > 


24.375 




+ (18.75) 2 = 22.363 MPa 


° a = + R 

Ou = (7 - R 


tw2 0 p A = <m™ 5 > = 1.5385 


<t= 34.6 MPa ◄ 


<r,=- 10.18 MPa ◄ 


>H 


24.375 


6» =28.5°, 6 b = 118.5° 


^"max ^ 


r max “ 22.4 MPa ◄ 
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SOLUTION 


Equivalent force-couple system at section containing points a and b : 


For point a , 


For point b , 


F x =9 kN, = -13 kN, F z =0 
M x = (0.400X13 x 10 3 ) = 5200 N • m 
M y = (0.400X9 x 10 3 ) = 3600 N • m 
M z = 0 

A = (2)(1 50X1 3) + (1 3X75 - 26) 

= 4537 mm 2 
= 4537 xl0^ 6 m 2 


I x = 2 ^(150)(13) 3 + (150X13)(37.5 - 6.5) 2 


+ E(i3)(75 _26) 3 


= 3.9303 xlO 6 mm 4 
= 3.9303 xlO^m 4 


I y = 2 • ^-(13)(150) 3 + E(75 - 26)(13) 3 
= 7.3215 x 10 6 mm 4 = 7.3215 x 10 6 mm 4 


Q x = 0, Q y = 0 

A* =(60)(13) = 780mm 2 
x = -45 mm y = 31 mm 
Q x = A*y = 24.18 xlO 3 mm 3 =24.18 xl0~ 6 m 3 
Q y =A*J = - 35.1xl0" 3 mm 3 =-35.1xl0~ 6 m 3 




f %^-i 

\ 



31 



! 



1 

J 

-> 

45 1 

1 . 
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PROBLEM 8.53 (Continued) 


At point 


At point b „ 



Direction of shearing stress for horizontal and for vertical components of shear: 


M x y M y x 


(5200)(37.5 x 10~ 3 ) (3600)(-75 x 1(T 3 ) 

3.9303 xlO -6 7.3215 xlO -6 


<t = 86.5 MPa ◄ 
T = 0 4 


M x y M y x 


(5200)(37.5 x 10~ 3 ) (3600)(— 15 x 10^ 3 ) 

3.9303 xlO -6 7.3215 xlO -6 


(7 = 57.0 MPa ◄ 


W x \\Qy\ \ V yWQx\ 

lyt 

(9x10 3 )(35.1x 1Q~ 6 ) (13 xl0 3 )( 24.18 xlO -6 ) 

_ (7.3215 xl0“ 6 )(13x 10 3 ) (3.9303 xl0 _6 )(13xl0^ 3 ) 

= 3.32 MPa + 6.15 MPa r = 9.47 MPa ◄ 
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SOLUTION 


Equivalent force-couple system at section containing points d and e. 

F x =9kN, F y =-\2> kN, F z = 0 
M x =(0.400)(13xl0 3 ) = 52 00 N -m 
M y = (0.400)(9 x 1 0 3 ) = 3 600 N • m 
M z = 0 

A = (2X1 50X1 3) + (1 3X75 - 26) 

= 4537 mm 2 
= 4537 x 10 _6 m 2 


For point d, 


For point e. 


I, =2 


— (150X1 3) 3 + (150X13X37.5 - 6.5) 2 


+ — (13X75 -26) 3 


= 3.9303 xlO 6 nun 4 
= 3.9303 xl0 _6 m 4 


Y~(13)(150) 3 


+ ~(75-26X13) 3 


= 7.3215 xlO 6 mm 4 = 7.3215 xl0“ 6 m 4 


A =(60X13) = 780 mm 2 
x = 45 mm v = 3 1 mm 
Q x =A*y = 24.18 xlO 3 mm 3 = 24.18 xlO' 6 m 3 
Q y = A*x = 35.1 x 10 3 mm 3 = 35.1xl0 -6 m 3 

a=o, Q y = o 


e , 

mgz zi 

31 


T 


k 
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PROBLEM 8.54 (Continued) 


At point d 


Due to V x : 


M x y M y x 


(5200)(37.5 x 10~ 3 ) (3600)(15 x 10~ 3 ) 

3.9303 xl0“ 6 7.3215 xlO -6 


\r x \\Qy\ (9000)(35.1 xlQ- 6 ) 

I y t - (7.3215 xl0~ 6 )(13xl0~ 3 ) 
= 3.32 MPa — > 


Due to V y : 



r J3ll&l = (13.000X24 .18x10") =6 , 5Mpa ^ 
I x t (3.9303 x10 _6 )(13x10“ 3 ) 


cr = 42.2 MPa ◄ 


l 

1 


^3 


By superposition, the net value is r = 2.83 MPa A 

At point e , 

M x .y MyX (5200)(37.5 x 1Q~ 3 ) (3600)(75xl0~ 3 ) 

I x I y ~ 3.9303 xlO -6 7.3215 x 10 -6 


a = 12.74 MPa ◄ 
T = 0 M 
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y 



75 mm 



W310 X 60 


x 


PROBLEM 8.55 

Two forces Pi and P2 are applied as shown in directions 
perpendicular to the longitudinal axis of a W310 x 60 beam. 
Knowing that = 25 kN and P 2 = 24 kN, determine the 
principal stresses and the maximum shearing stress at point a. 


SOLUTION 

At the section containing points a and b , 

M x = (1.8)(25) = 45 kN • m 


Af„ 


-(1.2)(24) = -28.8 kN-m 


V x = -24 kN 


V y = -25 kN 


For W310 x 60 rolled-steel section, 


302 mm. 


203 mm. 


13.1 mm. 


7.49 mm 


I x = 128 x 10 6 mm 4 = 128 x 10“ 6 m 4 , I v = 18.4 x 10 6 mm 4 = 18.4 x 10“ 6 m 4 


Nornial stress at point a: 


b f 

— — + 75 


-26.5 mm 


y = — d = 151 mm 
2 


M x y M y x (45 x 1 0 3 )(1 5 1 x 10 -3 ) (-28.8 x 10 3 )(-26.5 x 10“ 3 ) 



I x I y 128 X 10“ 6 

= 53.086 MPa - 41.478 MPa = 11.608 MPa 


18.4x10 


-6 


Shearing stress at point a: 

V x A*x V y A*y 


tytf 


1 Af 


k 






A* j 


A* = (75 x 10 _3 )(13.1 x 10" 3 ) = 982.5 x 10" 6 m 2 

_ b f 75 
x = — — H = -64 mm 


T„ = ~ 


' 3 y = — — — = 144.45 mm 

2 2 

(-24 x 10 3 )(982.5 x 10“ 6 )(-64 x 10“ 3 ) (-25 x 10 3 )(982.5 x 10“ 6 )(144.45 x 10“ 3 ) 


(18.4 x 10 _6 )(13.1 x 10 -3 ) 

= -6.2609 MPa + 2.1160 MPa = -4.1449 MPa 


(128 x 10 _t> )(13.1 x 10 -3 ) 
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y 



75 mm 



a 


x 


W310 X 60 


PROBLEM 8.56 

Two forces Pi and P 2 are applied as shown in directions 
perpendicular to the longitudinal axis of a W310 x 60 beam. 
Knowing that Pj = 25 kN and P 2 = 24 kN, determine the 
principal stresses and the maximum shearing stress at point b. 


SOLUTION 

At the section containing points a and b , 


M x = (1.8)(25) = 45 kN • m 
M y = -(1.2)(24) = -28.8 kN • m 
V x = -24 kN, V y = -25 kN 


For W310 x 60 rolled-steel section, 

d = 302 mm, bj = 203 mm, 


tf = 13.1 mm, 


7.49 mm 


/ = 128 x 10 6 mm 4 = 128 x 1(T 5 m 4 , I v = 18.4 x 10 6 mm 4 = 18.4 x 1(T 5 m 4 


Normal stress at point b\ 

iSH, 


x a; 0, 


— d + 1 1 


-137.9 mm 


V, 






M x y M y x _ (45 x 10 3 )(-137.9 x 10“ 3 ) 


,-6 


I x I y 128 X 10 

-48.480 MPa 

Shearing stress at point b: 


-0 



VyAy 


A - Aj- = bftf = 2659.3 mm 


2659.3 x 10“ 6 m 2 


x = 0, 


1 ^ 1 

— d H — t f 


y z 


(-25 x 10 3 )(2659.3 x 10~ 6 )(-144.45 x 10~ 3 ) 
(128 x 10 _6 )(7.49 x 10“ 3 ) 


-144.45 mm 


-10.0169 MPa 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1321 


PROBLEM 8.56 (Continued) 


48.480 


= -24.240 MPa 


m \ 


48.48 


f R ~i 

2 J 


+ (10.0169) 2 = 26.228 MPa 


^ave ^ 


^min ^"ave ^ 


^"max ^ 


(Tmax - 1.988 MPa 


= -50.5 MPa 


T 

max 


26.2 MPa 


◄ 

◄ 

◄ 
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PROBLEM 8.57 

Four forces are applied to a W8 x 28 rolled- steel beam as 
shown. Determine the principal stresses and maximum 
shearing stress at point a. 


SOLUTION 


Calculate forces and couples at section containing point of interest. 



M x = — (20)(5) - (4.03)(20) = -180.6 kip • in. 
M y = -(20 + 4X3.2) = -76.8 kip • in. 

Section properties: 


124 in 4 


d = 8.06 in. 


bf = 6.54 in. 


tf = 0.465 in. 


t = 0.285 in. I v = 98.0 in 4 / =21.7 in 4 


Point a: 


6-54 „ „ ^ . 8.06 

x a = + 3 = -0.27 m. y a = = -4.03 m. 


. P | M y*a 


20 (-180.6X-4.03) (-76.8X-0.27) 


8.24 98.0 21.7 

■ 2.4272 + 7.4267 - 0.95558 = 4.0439 ksi 
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PROBLEM 8.58 

Four forces are applied to a W8 x 28 rolled- steel beam as 
shown. Determine the principal stresses and maximum 
shearing stress at point b. 


SOLUTION 


Calculate forces and couples at section containing point of interest. 




P = 20 kips V x = -3.2 kips V y = 5 kips 
M x = — (20)(5) - (4.03)(20) = -180.6 kip • in. 

M y = -(20 + 4X3.2) = -76.8 kip • in. 

Section properties: 

4 = 8.24 in 4 J = 8.06 in. bj = 6.54 in. tf = 0.465 in. 
t w = 0.285 in. I x = 98.0 in 4 I y =21.7 in 4 


Point b : 




0 ^ = 0 

^ , M y*b 

A I x Iy 

20 

+ 0 + 0 = -2.4272 ksi 

8.24 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1325 


PROBLEM 8.58 (Continued) 


Shearing stress at point b due to V x : 



Shearing stress at point b due to V y : 
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PROBLEM 8.59 

A force P is applied to a cantilever beam by means of a cable attached to a 
bolt located at the center of the free end of the beam. Knowing that P acts in a 
direction perpendicular to the longitudinal axis of the beam, determine (a) the 
normal stress at point a in terms of P 9 b , h , /, and (3 , ( b ) the values of (3 for 
which the normal stress at a is zero. 


SOLUTION 


h 

a 


P 

M 

M x 


— bh 3 I v = —kb 3, 
12 y 12 


M x (h/2) 


M y (b/2) 


6M, 6 My 

~biF m? 


P sin/? i - Pcos/3 j r - Ik 
r x P = / k x (Psin pi - Pcos P j ) 
P/cos pi + P/sin p j 
PI cos p M y = PI sin P 


(a) 


6 PI cos P 6P/sin/? 

hi? hi? 


6 PI cos P sin P 

bh h b 


(b) a = 0 


cos P sin p _ q 
h b 


tan P = — 
h 






◄ 


P = tan_1 fxl 4 
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PROBLEM 8.60 

A vertical force P is applied at the center of the free end of cantilever 
beam AB. (a) If the beam is installed with the web vertical (y 9 = 0) and 
with its longitudinal axis AB horizontal, determine the magnitude of the 
force P for which the normal stress at point a is +120 MPa. 
( b ) Solve part a , assuming that the beam is installed with /? = 3°. 


SOLUTION 


For W250 x 44.8 rolled-steel section, 

S x - 531 x 10 3 mm 3 = 531 x 1CT 6 nr 3 
S y = 94.2 x 10 3 mm 3 = 94.2 x 1(T 6 m 3 


At the section containing point a , 

y 



M x = PI cos/?, M = PI sin {3 


V 1 Stress at a: 

y 


M x M PI cos B PI sin B 
a = — ^ ^ = — + — 


Allowable load. 


(a) p = 0: 


(b) P = 3° 


r all 


1 all 


^ all 


cos P sin P 


n-l 


5, + 


120x10' 


,6 r 


1.25 


1 


n-l 


531x10 


n6 


+ 0 


51.0 x 10 J N 


'all 


120x10' 

L25~ 


,6 r 


39.4 x 10 J N 


P all = 51.0 kN ◄ 


P all = 39.4 kN ◄ 
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PROBLEM 8.61* 

A 5-kN force P is applied to a wire that is wrapped around bar AB as shown. 
Knowing that the cross section of the bar is a square of side d - 40 mm, 
determine the principal stresses and the maximum shearing stress at point a. 


SOLUTION 

Bending : Point a lies on the neutral axis. 

a = 0 


Torsion : 

and 

Since 

Transverse shear: 


By superposition, 


c x ab 2 


where a - b - d 


C| = 0.208 for a square section. 


T = 


Pd 


T r — 


0.416<T 


= 2.404- 


V = P I = —d 4 
12 

1 , 1 1 , 

A = -d 2 y = —d Q = Ay = - d 3 
2 4 8 

t = d 

t -YQ 
F n 


1.54 


T = T t + Tv 


3.904— 5- 

d 2 


_ (3.904X5 x IQ 3 ) 

(40 x 10“ 3 ) 2 

= 12.2 x 10 6 Pa = 12.2 MPa 


By Mohr’s circle, 




I2.ZMP*. 


O'max = 12 - 2 MPa 


O’min = ~ 12 - 2 MPa 


W = 12 - 2 MPa 


◄ 

◄ 

◄ 
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PROBLEM 8.62* 

Knowing that the structural tube shown has a uniform wall thickness of 
0.3 in., determine the principal stresses, principal planes, and maximum 
shearing stress at (a) point H , (b) point K. 


SOLUTION 

At the section containing points H and K , 

V = 9 kips M - (9)(10) = 90 kip • in. 
T = (9)(3 - 0.15) = 25.65 kip • in. 


Torsion: 


Transverse shear: 


Bending : 


si = (5.7)(3.7) = 21.09 in 2 
_ _T_ _ 25.65 

T ~ 2 tsl~ (2)(0.3)(21.09) 


2.027 ksi 


I 

i 

i 


1 

1 

1 


Qh =0 

Qk = (3X2)0) - (2.7X1.7)(0.85) = 2.0985 in 3 
/ = — (6)(4) 3 - — (5.4)(3.4) 3 = 14.3132 in 4 


t h ~ 0 


T K - 


_ VQk (9X2.0985) 


It 04.3 132)(0.3) 


= 4.398 ksi 


H 


I 

www'i 







«- = 12.576 ksi, 
14.3132 


a K =0 
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PROBLEM 8.62* (Continued) 


(a) Point H : 


12.576 


= 6.288 ksi 


12.576 


+ (2.027) 2 = 6.607 ksi 


2.576 ksi 


2. OX 1 Ki 


< - 5 "max °"avc ^ 


<j mi = 12.90 ksi ^ 


^min ^"ave ^ 


<r min = -0.32 ksi -4 


tan 2<9 = — = -0.3224 


6 = -8.9°, 81.1° ◄ 


W = 7? = 6.61 ksi 


W = 6 - 61 ksi ^ 


(6) Point K : 


cr = 0 r = 2.027 + 4.398 = 6.425 ksi 


cr Y = 6.43 ksi ^ 


7,,,,, = -6-43 ksi ◄ 
0 = ± 45° ◄ 


W = 6 -43 ksi ◄ 


6.4 2trUs,; 


GA25 let! 


G.HlSic*; 
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PROBLEM 8.63* 

The structural tube shown has a uniform wall thickness of 0.3 in. 
Knowing that the 15-kip load is applied 0.15 in. above the base of the 
tube, determine the shearing stress at (a) point a , ( b ) point b. 
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PROBLEM 8.63* (Continued) 


Shearing stresses due to V x : 
At point a, 


a 




Part 

A in 2 ) 

x(in.) 

Ax (in 3 ) 

© 

0.45 

-0.75 

-0.3375 

© 

1.02 

-1.35 

-1.377 

© 

0.45 

-0.75 

-0.3375 

i 



-2.052 


Q = |2L4J| = 2.052 in 3 
t = (2)(0.3) = 0.6 in. 

Iy = ~(4)(3) 3 - ^-(3.4)(2.4) 3 = 5.0832 

r = M= (15X2.052) = 10Q92ks . 
I y t (5.0832)(0.6) 


At point b , r b - 0 

Combined shearing stresses . 

( a ) At point a , r a = 4.630 <— +10.092 — » = 5.46 ksi — » 

(b) At point b , = 4.630 T + 0 = 4.63 ksi T 


z a = 5.46 ksi ^ 
= 4.63 ksi ^ 
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PROBLEM 8.64* 

For the tube and loading of Prob. 8.63, determine the principal stresses 
and the maximum shearing stress at point b. 

PROBLEM 8.63* The structural tube shown has a uniform wall 
thickness of 0.3 in. Knowing that the 15-kip load is applied 0.15 in. 
above the base of the tube, determine the shearing stress at (a) point a , 
( b ) point b. 
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PROBLEM 8.65 

( a ) Knowing that cr all = 24 ksi and r all = 14.5 ksi, select the most 
economical wide-flange shape that should be used to support the loading 
shown. ( b ) Determine the values to be expected for cr m , r m , and the 
principal stress cr max at the junction of a flange and the web of the 
selected beam. 


SOLUTION 

z 


A 

Ra 


A. ± 




3ft 
< > 


M2.5W>* 

t; 


+)l M d = 0: - 15R A + (10.5)(9)(2) + (3)(12.5) = 0 


3C* ' R t> 


R, 


s = 


15.1 kips T R d = 15.4 kips T 
l M Lax _ (57.003 x12 kip -in.) 



■'all 


24 ksi 





44.2 


Shape 

5 (in 3 ) 

W16 x 26 

38.4 

W14 x 22 

29.0 

W12 x 26 

33.4 

W10 x 30 

32.4 

W8 x 35 

31.2 


A 6 B 

For W14 x 22, 


(b) Points: 


A weh =< = (13.7X0.230) = 3.151 in 
M 
~S 


(57.003 X12) = 23 . 587ksi 


29.0 


1 


yb 


J b 

C 


"6.515 
v 6.85 


(23.587) = 22.433 ksi 


Since z m = 0, 


Point C: 


M c (46.2X12) 


= 


s 

4 web 


29.0 

15.4 

3.151 


19.1172 ksi 


= 4.8873 ksi 


yb 


— _i_ p 

a max ~ — + K 


6.515 

6.85 


(19.1172) = 18.1823 ksi R 


2 J 


= 28.502 in 3 


c = —d = 6 . 85 in. y h = c - tj- = 6.515 in. 


(a) Use W14 x 22. ◄ 


<j m = 23.6 ksi 


= a b = 22.4 ksi 
<r m = 19.12 ksi 

r m = 4.89 ksi 4 


+ z\. 


10.3216 ksi 


For <r max , point B controls; 


^"max = 19.41 ksi ◄ 


°max = 22 - 4 ksi < 
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PROBLEM 8.67 

Knowing that rods BC and CD are of diameter 24 mm and 36 mm, 
respectively, determine the maximum shearing stress in each rod. 
Neglect the effect of fillets and of stress concentrations. 


SOLUTION 

Over BC : c = — d -12 mm = 0.012 m 

2 

Over CD: c = —d = 18 mm = 0.018 m 

2 

Vm 2 + T 2 c 2 Vm 2 +T 2 

T= r 

J n c 3 

Bending moments and torques . 

Just to the left of C : 

M = (500)(0. 1 6) = 80 N • m 
T = (500)(0. 1 8) = 90 N • m 

Vm 2 +r 2 =120.416 N-m 

Just to the left of D: 

T = 90 N • m 

M = (500)(0.36) + (1250X0.2) 

= 430 N -m 

Vm 2 +r 2 =439.32 N-m 


Maximum shearing stress in portion BC . 


T 

max 


^ (120 - 41 3 6 C 44.36 xlO^Pa 

;r(0.012) 3 


Maximum shearing stress in portion CD . 


T 

max 


< 2 X 439 ' 3 f = 47.96 xlQ*Pa 
^(0.0 18) 3 



r max - 44-4 MPa 4 


r max = 48.0 MPa ◄ 
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PROBLEM 8.68 

The solid shaft AB rotates at 450 rpm and transmits 
20 kW from the motor M to machine tools connected 
to gears F and G. Knowing that r all =55 MPa and 
assuming that 8 kW is taken off at gear F and 12 kW 
is taken off at gear G, determine the smallest 
permissible diameter of shaft AB. 


SOLUTION 


Torque applied at D : 


. 450 _ _ TT 

/ = = 7.5 Hz 

60 


T d 


Torques on gears C and E\ 


Forces on gears : 


f d = — 


Fr = ~ 


F* =-±- 


p 

20 x 10 3 

2 nf 

‘ (2tt)(7.5) 

424.41 N • m 

20 D 

= 169.76 N • 

12 

20 D 

= 254.65 N ■ 

I» = 

424.41 

r D 

100 x 10“ 3 ~ 

Ic = 

169.76 

r c 

60 x 10“ 3 ~ 

Id = 

254.65 

r E 

60 x 10 -3 ” 


-- 4244 N 
2829 N 
4244 N 


Torques in various parts : 

AC 
CD 
DE 
EB 


T = 0 

T = 169.76 N • m 
T = 254.65 N • m 
T = 0 



Forces in horizontal plane: 
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PROBLEM 8.68 (Continued) 


Critical point lies just to the right of D. 


T = 254.65 N • m 
M y = 1007.9 N • m 
M , = 318.3 N • m 


Forces in vertical plane: 


M 2 + M 2 + T 2 


= 1087.2 N • m 


=-L Mi+Mi + T z 


J n 3 


M 2 + M 2 + T 2 


_ 1087.2 
~ 55 x 10 6 
= 19.767 xl0“ 3 m 3 

c = 23.26 xl0“ 3 m 




d = 2c = 46.5 x 10 3 m 


d = 46.5 mm A 
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PROBLEM 8.69 

A 6-kip force is applied to the machine element AB 
as shown. Knowing that the uniform thickness of the 
element is 0.8 in., determine the normal and shearing 
stresses at (a) point a , ( b ) point b , (c) point c. 


SOLUTION 


Thickness = 0.8 in. 


At the section containing points a , b , and c, 


P = 6cos35° = 4.9149 kips V = 6sin35° = 3.4415 kips 

M = (6sin35°)(16) - (6cos35°)(8) = 15.744 kip • in. 

A = (0.8X3.0) = 2.4 in 2 


/ = _L(o, 8)(3.0) 3 = 1.80 in 4 

. . . . P Me 4.9149 (15.744)(1.5) 

(a) At point a , cr = = 

* A I 2.4 1.80 

<j x = -11.07 ksi 4 


T xy = 0 < 

A . , P 4.9149 

(b) At point b, a x = = 

ct x = 2.05 ksi A 

_ 3 V _ 3 3.4415 
Txy ~ 2 A ~ 2 2.4 

t yv = 2.15 ksi 4 

x y 

, , P Me 4.9149 (15.744X1.5) 

(c) At point c, cr = { = h 

* A I 2.4 1.80 

<7 X = 15.17 ksi A 


T xy = 0 < 
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PROBLEM 8.70 

A thin strap is wrapped around a solid rod of radius c = 20 mm as shown. 
Knowing that / = 100 mm and F = 5 kN, determine the normal and 
shearing stresses at (a) point //, (b) point K. 


SOLUTION 




At the section containing points H and K , 

T -Fc M - FI V -F 



Point //: 


cr = - 


Me _ Flc 
I ~ 

4 C 

Tc Fc 2 


cr = - 


4F/ 

7TC 2 

2 F 

7TC 2 


Point K: Point K lies on the neutral axis. 

Due to torque: 


cr = 0 

_ Tc _ 2 F 
J TIC 2 


Due to shear: For a semicircle, 



t - d - 2c 


T ~ It ~ fc 4 (2c) ~ 3xc 2 


Combined: 


2 F 4 F 

— F 4 2 

tic 2nc 


10F 
^ ~ 3 nc 
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PROBLEM 8.70 (Continued) 


Data: 


F = 5 kN = 5xl0 3 N, / = 100 mm = 0.100 m 




c = 20 mm = 0.020 m 


(a) 

Point H\ 

__ (4)(5x 10 3 )(0.100) 
;r(0.020) 3 

(7 = 79.6 MPa ◄ 



(2)(5xl0 3 ) 

;r(0.020) 2 

r = 7.96 MPa ◄ 

(b) 

Point K : 


<T = 0 M 



_ (10)(5xl0 3 ) 
T ~ 3;r(0.020) 2 

t = 13.26 MPa ◄ 
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PROBLEM 8.71 

A close-coiled spring is made of a circular wire of radius r that is 
formed into a helix of radius R. Determine the maximum shearing 
stress produced by the two equal and opposite forces P and P'. 
(Hint: First determine the shear V and the torque T in a transverse 
cross section.) 


SOLUTION 

+\l,F y = 0: P-V = 0 

V = P 


O 

II 

§5 

i 

© 

II 

o 

w 

T = PR 

Shearing stress due to T. 

Tc 2 T 2 PR 

T T ~ T ~ 3 - 3 

J TIC 7TV 


Shearing stress due to V. 



For semicircle, 

Q = — r 3 , t = d = 2r 
3 


For solid circular section, 

T 1 T ^3 

/ = —J = — r 
2 4 



_ VQ _ ^(F 3 ) _ 

4V _ 4 P 


It ^r\2r) 

3nr 2 37ir 2 

By superposition, 

Anax — Tf ~\~ Ty 

r max = P(2R + 4/V3)/tzt 3 ◄ 
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SOLUTION 


At the section containing points H and K, 


P = 2500 lb (compression) 

V y = -600 lb 

K = o 

M x =(3.5 -1X600) = 1500 lb -in. 


My= 0 


M z = -(2.5)(600) = -1500 lb • in. 




Couples 


c = —d = 0.4 in. 

2 

A = ttc 2 = 0.50265 in 2 


7 = —c 4 =20.106x10 3 in 4 
4 

J = 21 = 40.2 12 x 10 -3 in 4 


For semicircle, 



= 42.667x10 3 in 3 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1345 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1346 




3 kips 
30' 







k 


t 

2.5 ii 

I 

K . 2 in. 

B 



PROBLEM 8.73 

Knowing that the bracket AB has a uniform thickness of | in., 
determine (< a ) the principal planes and principal stresses at 
point K , ( b ) the maximum shearing stress at point K. 


SOLUTION 

Resolve the 3-kip force F at points into v and j; components. 
F x = -F cos 30° = -(3) cos 30° = -2.598 kips 
F y = F sin 30° = (3) sin 30° = 1.5 kips 

At the section containing points H and K , 

P = -F x = 2.598 kips, V 

M = (5)(1.5) = 7.5 kip • in. 

Section properties . 


F y =1.5 kips 


t = — in. = 0.625 in., 


A= - 


(2.5) = 1.5625 in 2 


/ = i-(0.625)(2.5) 3 = 0.8138 in 4 , 

At point k , y = 0.75 in. 

Q = (0.625X0.50X1.00) = 0.3125 in 3 
Stresses at point K . 

My _ 2.598 (7.5X0.75) 

I 

VQ 


1.25 in. 


P 

<7 = 

A 


T = 


1.5625 0.8138 

(1.5)(0.3125) 


-5.249 ksi 


It (0.8138X0.625) 


= 0.9216 ksi 


cr x = -5.249 ksi, a y = 0, = -0.9216 ksi 


Mohr’s circle. 


X: (a x , -r xy ) = (-5.249 ksi, 0.9216 ksi) 
Y:(cj y ,T xy ) = ( 0,-0.9216 ksi) 

C: (cr ave , 0) = (-2.6245 ksi, 0) 


ov - cr 


y_ _ 


= -2.6245 ksi 


(a) 

(b) 


R = ^(2.6245) 2 + (0.92 16) 2 = 2.7816 ksi 

tan 26 = 0-9216 = 0.35112 2 0„ = 19.35° 
p 2.6245 p 

O'max = ^ave + R = “2.6245 + 2.7816 


O'min = CT ave ~ R = -2.6245 - 2.7816 
T = R = 2.7816 ksi 


I.O0> 


T 

o+so 


Os IS 

-J 

1 

-0.6t5',‘n 



5. 2 HI ksi 





= 0.157 ksi at 80.3°, ◄ 

n = -5.41 ksi at 9.7° ◄ 

T m „ = 2.78 ksi ◄ 
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PROBLEM 8.74 (Continued) 


Stresses at point H\ 


Use Mohr’s circle. 


P M z 



(120xlQ 3 ) 

15xl(T 3 


(-9.375 xl0 3 )(50xlQ- 3 ) =29 5 Mpa 
12.5 xlO -6 


3V X 

T h = — 

H 2 A 


3 43.301 xlO 3 
2 15xlO~ 3 


= 4.33 MPa 



c 7 a =30.1 MPa ◄ 
a b = -0.62 MPa ◄ 

0 a = -8.2° 6 b = 81.8° A 
r max = 15.37 MPa ◄ 


CT ave =~ (7 h = 14 -75 MPa 


R = , 


29.5 

. 2 y 


\ 2 


+ 4.33 =15.37 MPa 


°a= cr ^ +R 


°b = CT ave - R 


tan 2 <9 


2 T 


— = -0.2936 


J H 


T — R 

max 
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PROBLEM 8.76 

The cantilever beam AB will be installed so that the 60-mm side forms an 
angle p between 0 and 90° with the vertical. Knowing that the 600-N 
vertical force is applied at the center of the free end of the beam, 
determine the normal stress at point a when (a) p = 0, ( b ) (3 = 90°. 
(c) Also, determine the value of P for which the normal stress at point a 
is a maximum and the corresponding value of that stress. 


SOLUTION 


S x = — (40)(60) 2 = 24 X 10 3 mm 3 
6 

= 24 x 10” 6 m 3 

S y = ^-(60)(40) 2 = 16 x 10 3 mm 3 
= 16 x 10” 3 m 3 

M = PI = (600)(300 x 10“ 3 ) = 180 N • m 
M x = M cos/3 = 180 cos p 
M y = M sin /? = 180 sin p 


M x M 180 cos B 180 sin B 
(7, = — - + — - = V- + — 


24 x 10 




(7.5 x 10 6 )| cos j3 + ~ s i n P 


16x10“ 


Pa 


= 7.5 


3 

cos p + — sin P | MPa 


(a) 

P 

= 0 . 


= 7.50 MPa 

(b) 

P 

= 90°. 


= 11.25 MPa 




da 


f 

(c) 

Maximum. 

a 

= 7.5 

-sin p + 



dp 




2 


3 3 

sin p = — cos p tan p = — 


f 


<r„ = 7.5 


3 . 


cos 56.3° H — sin 56. 3‘ 
2 




o- = 7.50 MPa ◄ 
o- = 11.25 MPa ◄ 

P = 56.3° ◄ 
a = 13.52 MPa ◄ 
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PROBLEM 8. Cl 

Let us assume that the shear V and the bending moment M have been determined in a given section of a 
rolled-steel beam. Write a computer program to calculate in that section, from the data available in Appendix C, 
(a) the maximum normal stress cr m , ( b ) the principal stress cr max at the junction of a flange and the web. Use 
this program to solve parts a and b of the following problems: 

(1) Prob. 8.1 (Use V = 45 kips and M = 450 kip • in.) 

(2) Prob. 8.2 (Use V — 22.5 kips andM = 450 kip • in.) 

(3) Prob. 8.3 (Use V = 700 kN andM = 1750 kN • m.) 

(4) Prob. 8.4 (Use V = 850 kN andM = 1700 kN • m.) 


SOLUTION 


We enter the given values of V and Mand obtain from Appendix C the values of d, t y , t w , /, and S for the 

given WF shape. 


We compute 

u 

c=~, y b 

= c ~tf 


1 

M 


I <N 
1 

II 

PS 

’ ° a ~ s ? ° h 


Q = b f t f y, 

ii 


From Mohr’s circle, cr 


<Ju +R 


~<Ju + 



Program Outputs 



Problem 8.1 

Problem 8.2 

Given Data: 

Given Data: 

V = 45 kips, M = 450 kip • in. 

V = 22.5 kips, M = 450 kip -in. 

d = 9.92 in., b f = 7.985 in. 

d = 9.92 in., b f = 7.985 in. 

tj =0.530 in., t w = 0.315 in. 

tj = 0.530 in., t w = 0.315 in. 

7 = 209.00 in. 4 , ^ = 42.10 in. 4 

I = 209.00 in. 4 , S = 42. 10 in. 4 

Answers: 

Answers: 

(a) <j a = 10,688.84 psi 

(a) <j a = 10,688.84 psi 

(b) a m = 19,169.08 psi 

(b) <J m = 13,073.82 psi 
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PROBLEM 8. Cl (Continued) 


Program Outputs ( Continued ) 


Problem 8.3 

Problem 8.4 

Given Data: 

Given Data: 

V = 700 kN, M = 1750 kN -m 

V = 850 kN, M =1700 kN • m 

d = 9.30 mm, bj = 423 mm 

d = 930 mm, bj = 423 mm 

tj- = 43 mm, t w = 24 mm 

tj- = 43 mm, t w = 24 mm 

I = 8470 (10 6 mm 4 ) 

7 = 8470 (10 6 mm 4 ) 

S = 18,200 (10 3 mm 3 ) 

S = 18,200 (10 3 mm 3 ) 

Answers: 

Answers: 

(a) a A =96.15 MPa 

(a) a A = 93.40 MPa 

(b) a m = 95.39 MPa 

(b) a m = 96.56 MPa 
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PROBLEM 8.C2 

A cantilever beam AB with a rectangular cross section of width b 
and depth 2c supports a single concentrated load P at its end A. 
Write a computer program to calculate, for any values of x/c and y/c 9 
(a) the ratios and where <r max and <r min are the 

principal stresses at Point K(x , y) and cr m the maximum normal 
stress in the same transverse section, ( b ) the angle 6 p that the 
principal planes at K form with a transverse and a horizontal plane 
through K. Use this program to check the values shown in Fig. 8.8 
and to verify that cr max exceeds <J m if x ^ 0.544c, as indicated in 
the second footnote on Page 560. 


SOLUTION 


Since the distribution of the normal stresses is linear, we have cr = a m 

MC Pxc 


where 


fz 

U 


3 P 

We use Equation (8.4), Page 498: r = 

2 A 


H) 




Dividing (3) by (2), 


r 3 /■-(?) 

cr m 2 A xc 


or, since 


/ -jyh(2c) 3 1 2 T 1 

A b(2c) _ 3 C ’ a m ~ 2 


1-4 


h) 


X V 

Letting X = — and Y = —, Equations (1) and (4) yield 

c c 


a = a,„Y 


r = cr„ 


1-7 

2X 


o 


Using Mohr’s circle, we calculate 


R = 


— a 

v2 j 


2 1 
+ r =— cr, 


2 


Y 2 + 


/ 9 \2 

1 - 7 2 ' 




-^s^ = -7 + i? 
2 

cr,„ 2 


^min _ ^ y 


m 


(1) 

( 2 ) 


(3) 






(4) 



◄ 
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PROBLEM 8.C2 (Continued) 


Note: 


tan 26 P = — 

r g_ 
2 


1 - Y 2 _\-Y 2 
2X(f) XY 


d P = —tan 1 


1 - 

V ™ J 


2 ) 


◄ 


For y > 0, the angle 6 P is 2), which is opposite to what was arbitrarily assumed in Figure P8.C2. 


Program Outputs 

For — = 2, For — = 8, 

c c 


X 

c 

*Tnin 

^max 

O 

y_ 

c 

^min 

^"max 

O 

1.0 

0.000 

1.000 

0.00 

1.0 

0.000 

1.000 

0.00 

0.8 

-0.010 

0.810 

6.34 

0.8 

-0.001 

0.801 

1.61 

0.6 

-0.040 

0.640 

14.04 

0.6 

-0.003 

0.603 

3.80 

0.4 

-0.090 

0.490 

23.20 

0.4 

-0.007 

0.407 

7.35 

0.2 

-0.160 

0.360 

33.69 

0.2 

-0.017 

0.217 

15.48 

0.0 

-0.250 

0.250 

45.00 

0.0 

-0.062 

0.063 

45.00 

-0.2 

-0.360 

0.160 

-33.69 

-0.2 

-0.217 

0.017 

-15.48 

-0.4 

-0.490 

0.090 

-23.20 

-0.4 

-0.407 

0.007 

- 7.35 

-0.6 

-0.640 

0.040 

-14.04 

-0.6 

-0.603 

0.003 

-3.80 

-0.8 

-0.810 

0.010 

-6.34 

-0.8 

-0.801 

0.001 

-1.61 

-1.0 

-1.000 

0.000 

-0.00 

-1.0 

-1.000 

0.000 

-0.00 

To check that cr max > o m if x ^ 0.544c, we run the program for f = 0.544 and for f = 0.545 and observe 
that exceeds 1 for several values of — in the first case, but does not exceed 1 in the second case. 

CJ c 


For - = 0.544, 

c 

y 

^min 

^"max 

O 

C 



0.30 

-0.700 

0.9997 

39.92 

0.31 

-0.690 

1.0001 

39.72 

0.32 

-0.680 

1.0004 

39.51 

0.33 

-0.670 

1.0005 

39.30 

0.34 

-0.660 

1.0005 

39.09 

0.35 

-0.650 

1.0003 

38.88 

0.36 

-0.640 

1.0000 

38.66 

0.37 

-0.630 

0.9996 

38.44 

0.38 

-0.619 

0.9990 

38.21 

0.39 

-0.608 

0.9983 

37.98 

0.40 

-0.598 

0.9975 

37.74 
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PROBLEM 8.C2 (Continued) 


Program Outputs ( Continued ) 


For - = 0.545, 

c 


y 

c 

^"min 

^"max 

O 

0.30 

-0.698 

0.9982 

39.91 

0.31 

-0.689 

0.9986 

39.71 

0.32 

-0.679 

0.9989 

39.50 

0.33 

-0.669 

0.9990 

39.29 

0.34 

-0.659 

0.9990 

39.08 

0.35 

-0.649 

0.9988 

38.87 

0.36 

-0.639 

0.9986 

38.65 

0.37 

-0.628 

0.9982 

38.42 

0.38 

-0.618 

0.9976 

38.20 

0.39 

-0.607 

0.9970 

37.96 

0.40 

-0.596 

0.9962 

37.73 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 




PROBLEM 8.C3 



Disks D { ,D 2 ,...,D n are attached as 
shown in Fig. 8.C3 to the solid shaft AB 
of length L , uniform diameter d , and 
allowable shearing stress r all . Forces Pi, 
P 2 , . . . , P„ of known magnitude (except 
for one of them) are applied to the disks, 
either at the top or bottom of its vertical 
diameter, or at the left or right end of its 
horizontal diameter. Denoting by r z the 
radius of disk D t and by its distance from 
the support at A, write a computer program 
to calculate (a) the magnitude of the 
unknown force P /? ( b ) the smallest 

permissible value of the diameter d of shaft 
AB. Use this program to solve Prob. 8.18. 


SOLUTION 

1. Determine the unknown force P i by equating to zero the sum of their torques T t about the v axis. 

2. Determine the components {F \ and (F z ) i of all forces. 

3. Determine the components A and A z of reaction at A by summing moments about axes Bz II z and 

By II y: 

IM z ,=0: -A y L-Z(F y ) i (L-c i ) = 0, A y =-i-S(F jr ) < (L-c i ) 

=0: A Z L + Z(F z ),. (L - c t ) = 0, 4 = -U(F Z ), (L - c t ) 

4. Determine (M y , {M z ) i and torque 7] just to the left of disk D i : 

(M y ) i =A 2 c i + Y,(F. 'MCi~c k ) X 

k 

=-A y c i ~y^ l (F y ) k (c i ~c k ) x 

k 

k 

where < > indicates a singularity function. 

5. The minimum diameter d required to the left of D t is obtained by first computing (Jlc) i from 
Equation (8.7). 

m j yyyjy 

V c Ji r all 
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PROBLEM 8.C3 (Continued) 


6. Recalling that J = j7rc 4 and, thus, that = -f;rc 3 , we have c x =^( 7 ). 3 and d t = 7 ( 7 ). 3 ^ 

This is the required diameter just to the left of disk D r 

7. The required diameter just to the right of disk D i is obtained by replacing T t with T m in the above 
computation. 

8. The smallest permissible value of the diameter of the shaft is the largest of the values obtained for D t . 

Program Output 

Problem 8.19 
Length of shaft = 28 in. 
r(ksi) = 8 
For Disk 1, 

Force = 0.500 kips 
Radius of disk = 4.0 in. 

Distance from ,4 = 7.0 in. 

For Disk 2, 

Force = 0.000 kips 
Radius of disk = 6.0 in. 

Distance from A = 14.0 in. 

For Disk 3, 

Force = 0.500 kips 
Radius of disk = 4.0 in. 

Distance from ,4 = 21.0 in. 

Unknown force = -0.667 kips 
A y = 0.500 kips, A z = 0.333 kips 
B y = 0.500 kips, B z = 0.333 kips 

Just to the left of Disk 1 : 


M y = 2.3333 kip • in. 
M z = -3.5000 kip • in. 
T = 0.0000 kip • in. 

Diameter must be at least 1.389 in. 


Just to the right of Disk 1 : 

T = 2.00 kip • in. 

Diameter must be at least 1.437 in. 
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Program Output ( Continued ) 

Just to the left of Disk 2: 


PROBLEM 8.C3 (Continued) 


M y = 4.6667 kip • in. 
My = -3.5000 kip • in. 
T = 2.0000 kip • in. 

Diameter must be at least 1.578 in. 

Just to the right of Disk 2: 

T = -2.00 kip • in. 

Diameter must be at least 1.578 in. 

Just to the left of Disk 3: 

M Y =23333 kip • in. 
M z = -3.5000 kip • in. 
T = -2.0000 kip • in. 

Diameter must be at least 1.437 in. 

Just to the right of Disk 3: 

T = 0.00 kip • in. 

Diameter must be at least 1.389 in. 


◄ 
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PROBLEM 8.C4 



The solid shaft AB of length L , uniform 
diameter d , and allowable shearing 
stress r a n rotates at a given speed 
expressed in rpm (Fig. 8.C4). Gears G\, 
G 2 , . . . , G n are attached to the shaft and 
each of these gears meshes with another 
gear (not shown), either at the top or 
bottom of its vertical diameter, or at the 
left or right end of its horizontal 
diameter. One of these gears is 
connected to a motor and the rest of 
them to various machine tools. 
Denoting by r t the radius of disk G*, by 
C[ its distance from the support at .4, and 
by Pf the power transmitted to that gear 
(+sign) or taken of that gear (-sign), 
write a computer program to calculate 
the smallest permissible value of the 
diameter d of shaft AB. Use this 
program to solve Probs 8.27 and 8.68. 


SOLUTION 

1. Enter w in rpm and determine frequency / = w/60. 

2. For each gear, determine the torque T t =P i !27rf , where P t is the power input (+) or output (-) at 
the gear. 

3. For each gear, determine the force F t = exerted on the gear and its components {F y ) i and (F z ) i . 

4. Determine the components A y and A z of reaction at A by summing moments about axes Bz f II z 
and By II y : 

IM Z , = 0: -A y L - l,(F y ) i (L-c i ) = 0, A y = -±Z(F y \.(L -c,.) 

= 0: A z L + Z(F z ),(Z - c t ) = 0, A, = \{F Z \{L - c,) 

5. Determine (M y ) i ,(M z ) i , and torque T t just to the left of gear G t \ 

{M y ) i =A z c i+ Y J ^)k (c,- c k ) 1 

k 

k 

T i =Yj T k < ' C i~ C F 

k 

where ( ) indicates a singularity function. 
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PROBLEM 8.C4 (Continued) 


6. The minimum diameter d required to the left of G t is obtained by first computing (Jlc) i from 
Equation (8.7). 

(V'l 

v C ) i T all 

7. Recalling that J = \nc A and, thus, that , 

we have c- = —(—) and d t = — (— ) A 

This is the required diameter just to the left of gear G r 

8. The required diameter just to the right of gear G f is obtained by replacing T t with T i+ 1 in the above 
computation. 

9. The smallest permissible value of the diameter of the shaft is the largest of the values obtained for d f . 

Program Outputs 

Problem 8.25 Problem 8.27 


co = 450 rpm 
Number of Gears: 3 
Length of shaft = 750 mm 
r = 55 MPa 


co = 600 rpm 
Number of Gears: 3 
Length of shaft = 24 in. 
t = 8 ksi 


For Gear 1, 

Power input = -8.00 kW 
Radius of gear = 60 mm 
Distance from A in mm =150 

For Gear 2, 

Power input = 20.00 kW 
Radius of gear =100 mm 
Distance from ,4 in mm = 375 

For Gear 3, 

Power input = -12.00 kW 
Radius of gear = 60 mm 
Distance from A in mm = 600 
A y = -0.849 kN, A z = 4.386 
By --3.395 kN, 5 Z = 2.688 

Just to the left of Gear 1 : 
M Y = 657.84 Nm 
M z - 127.32 Nm 
T = 0.00 Nm 


For Gear 1, 

Power input = 60.00 hp 
Radius of gear = 3.00 in. 
Distance from A in inches = 4.0 
Fy = 0 

F z = 2.100845 
For Gear 2, 

Power input = -40.00 hp 
Radius of gear = 4.00 in. 
Distance from A in inches = 10.0 
F Y = 1.050423 
F z = 0 

For Gear 3, 

Power input = -20.00 hp 
Radius of gear = 4.00 in. 
Distance from ,4 in inches = 18.0 
F>= 0 

F z = -0.52521 13 
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PROBLEM 8.C4 (Continued) 


Diameter must be at least 39.59 mm. 

Just to the right of Gear 1 : 

T = -169.77 N • m 

Diameter must be at least 40.00 mm. 

Just to the left of Gear 2: 

M Y - 1007.98 N • m 
M z - 318.31 N • m 
T = -169.77 N • m 

Diameter must be at least 46.28 mm. 

Just to the right of Gear 2: 

T = 254.65 N • m 

Diameter must be at least 46.52 mm. A 

Just to the left of Gear 3 : 

My= 403.19 N • m 
M z = 509.30 N • m 
T = 254.65 N • m 

Diameter must be at least 40.13 mm. 

Just to the right of Gear 3 : 

T = 0.00 N • m 

Diameter must be at least 39.18 mm. 


Ay = -0.6 1 27 kips, A z = -1 .6 1 94 kips 
By — — 0.4377 kips, B z = 0.438 kips 
Just to the left of Gear 1 : 

My = —6.478 kip • in. 

M z = 2.451 kip • in. 

T = 0.000 kip • in. 

Diameter must be at least 1.640 in. 

Just to the right of Gear 1 : 

T = 6.3025 kip • in. 

Diameter must be at least 1.813 in. 

Just to the left of Gear 2: 

My-- 3.589 kip • in. 

M z - 6.127 kip • in. 

T = 6.303 kip • in. 

Diameter must be at least 1.822 in. A 

Just to the right of Gear 2: 

T = 2.1008 kip • in. 

Diameter must be at least 1.677 in. 

Just to the left of Gear 3 : 

M Y = 0.263 kip • in. 

M z = 2.626 kip • in. 

T = 2.101 kip • in. 

Diameter must be at least 1 .290 in. 

Just to the right of Gear 3 : 

T = 0.000 kip • in. 

Diameter must be at least 1.189 in. 
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PROBLEM 8.C5 

Write a computer program that can be used to calculate the normal and 
shearing stresses at points with given coordinates y and z located on the 
surface of a machine part having a rectangular cross section. The 
internal forces are known to be equivalent to the force-couple system 
shown. Write the program so that the loads and dimensions can be 
expressed in either SI or U.S. customary units. Use this program to 
solve ( a ) Prob. 8.456, (6) Prob. 8.47a. 


SOLUTION 

Enter: b and h 


b 2 h 


bt Y 


Program: A = bh /,. = /_ = 

y \2 2 12 

For point on surface, enter y and z. 

Note : y and z must satisfy one of following: 

2 h 2 2 b 2 

y = — and z < — 

4 4 

9 b 2 2 h 2 

and y <- 


or 


4 4 

If either (1) and (2) are satisfied, compute 


a= P + My^_M I y_ 
A l y I z 


If z 2 = 6/4 , then point is on vertical surface and 




^ 2 


.2 '\ 


2 


Y = 


v v S 


I,b 


If v 2 = h~l 4. the point is on horizontal surface, and 


Qy=h 


fb } 

fb ) 1 , 

fb 2 z 2 ^ 

Z 



U J 

U J 2 

I 8 2 J 


Y- 


KQy 

I y h 


Force-couple system: 


P = -50 kips V z = -6 kips V y = -2 kips 
M y = (6 kips) (8.5 in.) = 51 kip • in. 

M z = (2 kips) (10.5 in.) = 21 kip -in. 




(1) 

( 2 ) 


h... 




b 



T 

h 






T 
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PROBLEM 8.C5 (Continued) 




Problem 8.45& 


Force-Couple at Centroid 


P = -50.00 kips 

M y = 5 1 .00 kip • in. M z =-21 .00 kip • in. 

V Y = -2.00 kips V z = -6.00 kips 

++++++++++++++++++++++++++ 
At point of coordinates: y = 0.90 in. z = 1 .20 in. 

<j = 6.004 ksi 
t = -0.781 ksi 

Force-Couple System 

P = 10 kN V y = -750 N V z = 500 N 
M y = (500 N)(220 mm) = 110 N-m 
M z =( 750 N)(180 mm) = 135 N-m 

Problem 8.47a Force-Couple at Centroid 


y 



P = 1 0000.00 N 

M Y =110.00 N -m M z =-135.00 N-m 

V Y = 750.00 N V z = 500.00 N 

++++++++++++++++++++++++++ 
At point of coordinates: y = 16.00 mm x = 0.00 mm 
<r = 18.392 MPa 
t = 0.391 MPa 
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PROBLEM 8.C6 

Member AB has a rectangular cross section of 10x24 mm. For the 
loading shown, write a computer program that can be used to determine 
the normal and shearing stresses at Points H and K for values of d from 
0 to 120 mm, using 15-mm increments. Use this program to solve 
Prob. 8.35. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1366 


PROBLEM 8.C6 (Continued) 


Program Output 

Problem 8.35 


d (mm) 

Stresses in MPa 
g h t h 


r K 

0.0 

-43.30 

0.00 

-43.30 

0.00 

15.0 

-41.95 

3.52 

-65.39 

0.00 

30.0 

-40.59 

7.03 

-87.47 

0.00 

45.0 

-39.24 

10.55 

-109.55 

0.00 

60.0 

- 37.89 

14.06 

-131.64 

0.00 

75.0 

-36.54 

17.58 

-153.72 

0.00 

90.0 

-2.71 

-7.03 

-96.46 

0.00 

105.0 

-1.35 

-3.52 

-48.23 

0.00 

120.0 

0.00 

0.00 

0.00 

0.00 
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PROBLEM 8.C7* 

The structural tube shown has a uniform wall thickness of 0.3 in. 
A 9-kip force is applied at a bar (not shown) that is welded to the 
end of the tube. Write a computer program that can be used to 
determine, for any given value of c, the principal stresses, 
principal planes, and maximum shearing stress at Point H for 
values of d from -3 in. to 3 in., using one-inch increments. Use 
this program to solve Prob. 8.62a. 
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PROBLEM 8.C7* (Continued) 


Rectangular tube of uniform thickness t = 0.3 in. 
Outside dimensions. 

a - 6 in. 
b = 4 in. 

P = 9 kips; 


Horizontal width: 
Vertical depth: 
Vertical load: 


Line of action at x = -c 

Find normal and shearing stresses at point H. (x = d, y = b/2) 

Problem 8.62a 

Program output for value of c = 2.85 in. 


d 

in. 

<J 

ksi 

T v 

ksi 

Tj 

ksi 

^Total 

ksi 

^"max 

ksi 

^min 

ksi 

T 

max 

ksi 

Vp 

Degrees 


-3.00 

12.58 

-3.49 

-2.03 

-5.52 

14.65 

-2.08 

8.36 

-18.49 

-2.00 

12.58 

-2.33 

-2.03 

-4.35 

13.94 

-1.36 

7.65 

-16.00 

-1.00 

12.58 

-1.16 

-2.03 

-3.19 

13.34 

- 0.76 

7.05 

-12.78 

>0.00 

12.58 

0.00 

-2.03 

-2.03 

12.89 

-0.32 

6.61 

-8.73 

1.00 

12.58 

1.16 

-2.03 

-0.86 

12.63 

-0.06 

6.35 

-3.89 

2.00 

12.58 

2.33 

-2.03 

0.30 

12.58 

-0.01 

6.30 

1.36 

3.00 

12.58 

3.49 

-2.03 

1.46 

12.74 

-0.17 

6.46 

6.46 
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CHAPTER 9 






y 


V PROBLEM 9.1 


A ' 

x For the loading shown, determine (a) the equation of the elastic 



B curve for the cantilever beam AB , ( b ) the deflection at the free end, 


L 

(c) the slope at the free end. 


SOLUTION 


+)EM y =0: -M-P(L-x) = 0 
M = -P(L - x ) 

EI—?~ = —P(L -x) = -PL + Px 
dx~ 

EI— = -PLx + - Px 2 + C, 
dx 2 


M c 


k— L- x 


P 

e 


* = 0 , ^ = 0 
dx 


0 — —0 + 0 + C x c x — 0 


1 9 1 , 

Ely = — PLx 2 H — Px 3 + Qx + C 2 

2 6 

[x — 0, y — 0] ! 0 — —0 + 0 + 0 + C 2 C 2 = 0 


(a) Elastic curve . 


( b ) y ditx - L. 


dy Px 


dx 2EI 

y B 


(2 L - x) 


pi? T . pi? 

(3 L — L) = 

6£7 3£7 


Px 

y = (3 L - x) -4 

6EI 


yB 


PE 

3EI 


i ◄ 


(c) —at x = L. 

dx 


dy 

dx 


PL -(1 L-L) PL 


2EI 


2 El 


e B =—^< 

2EI 
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PROBLEM 9.2 

For the loading shown, determine (a) the equation of the elastic curve 
for the cantilever beam AB , ( b ) the deflection at the free end, (c) the 
slope at the free end. 


SOLUTION 



+JLM k = 0: -M 0 +M = 0 
M = M 0 

d 2 y 

El - M - M 0 
dx 

EI — = M 0 x + C, 
dx 


x = L, 



dx 


0 = M 0 L + Q Q = - M 0 Z 


1 ? 

Ely = —M 0 x 2 + Qv + C 2 


1 


[jc = Z, j = 0] 0 = —M 0 L - M 0 L + C 2 C 2 =-M 0 L 


(a) Elastic curve : 


-^(x 2 - 2 Lx + L 2 ) ◄ 
2EI 


Vl 

2 EI 


(L - x) 2 ◄ 


(Z>) j at x = 0: 




Vl 

2EI 


(L - 0) 2 




m < y_ 

2EI 


t ◄ 


(c) — at x = 0: 

dx 


dx 


EI 


dy__ Mq _ t ) = - 0) = - J ”° 

EI 


MnL 


EI 


M 

EI 
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y 


A 



x 


PROBLEM 9.3 

For the loading shown, determine (a) the equation of the elastic curve 
for the cantilever beam AB , ( b ) the deflection at the free end, (c) the 
slope at the free end. 
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L 

B 


PROBLEM 9.4 

For the loading shown, determine (a) the equation of the elastic curve 
for the cantilever beam AB , (b) the deflection at the free end, (c) the 
slope at the free end. 


SOLUTION 

Use Free body AJ. 


[x = L, y = 0] 

'x = lA = o' 

dx 


rrirffTnT 




i 

U 'V, 

v3 

j7 

1^. " /V 

' 

WpX 1 

ZL 

r , 

1 I 




D 


h 


•A 1 


[x = L, y = 0] 


+ =0: M + • - = 0 

y J 2L 3 

M = 


d 2 y 
dx 

EI— = - 

dx 

Ely = - 


6 

Z 

1 w 0 v 3 

6 

Z 

1 

4 

w 0 x 

24 

Z 

1 

w 0 x 5 


120 Z 


+ Q 

+ + C*2 


.v = Z., — = 0 
dx 

C, = — U'nZ? 

24 0 


Ely = — — w 0 Z 4 + — w 0 Z 4 + C 2 = 0 
120 0 24 ° 


H’o If C| — 0 

24 0 


C 2 = — W n i 4 
30 0 


(a) Elastic curve . 


Wn 




dy 

w 0 



dx 

2AEIL 

(*) 

o 

II 

* 

® 

y A = 

r 4 

w 0 L 

30 EI 





(c) 

o 

II 

* 

® 

■$1-8 

dy_ 


WqL 

dx 

A 

24 EI 


(-x 4 + Z 4 ) 


120Z7Z 


(x 5 - 5 Z 4 x + 4Z 5 ) ◄ 


w n Z 

Vj = — 1 - — 

30Z7 


r ◄ 


w 0 L 

24 Z/ 
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o 

p = — wa 
3 



u 

u 

u 

± 

— a — ► 

w 

- 2fl 


PROBLEM 9.5 

For the cantilever beam and loading shown, determine (a) the equation of 

x the elastic curve for portion AB of the beam, ( b ) the deflection at B , (c) the 

slope at B. 


SOLUTION 


Using ABC as a free body, 


+ I XF. =0: R, + 2 wa wa = 0 

y A ^ 


R< 


4 4 | 

— wa = —wa 4 


+)IM a = 0: -M a + (2wa)(a) - 


~ WCl IQ* 2 ) - 0 


M a =0 


Using AJ as a free body, 


=0: M + — wa ](jt) - (wx) 
w 

1 2 4 

M - —wx wax 


m dy 1 2 4 

hi — — = — wx wax 

dx 2 2 3 

j^ T dy 1 3 2 2 

El — = — wx wax + Ci 


/ . 


!'-» 


dx 6 


x = o, 4 l = 0 

dx 


0 — 0 — 0 + Cj Cj — 0 


^ 4 2 3 ^ 

Ely = — wx wax + C 9 

24 9 2 

[x = 0, y = 0]: 0 — 0 — 0 + C 2 .'. C 2 - 0 
(a) Elastic curve over AB . 

* - - 4av 2 ) 

dx 6EI 


(. b ) y at x = 2a. 

s . dy 

(c) — at x = 2a. 

dx 


yB 
f 


dy 
\ dx 


B 


10wa 4 
9 El 

4wa 3 

3EI 


Mi 


FBD yESC: 


R 2. 

3 <oa 


Cpftt 

N - <1 K i. 








L 

l" J 

1 Tux " 1 " a. 


FBD A/: 


3 ua 


>'A 


A i 

> < 

L ± 




UJ 


v = — (3x 4 - 16ax 3 ) -4 
12EI 


yB 


l (W 
9 EI 

4wa 


4 ◄ 


3£7 
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y 



TTTT]* 



L 


PROBLEM 9.6 

For the cantilever beam and loading shown, determine (a) the equation of 
the elastic curve for portion AB of the beam, ( b ) the deflection at B , (c) the 
slope at B. 


SOLUTION 

Using ABC as a free body, 
[x = 0 , y = 0 ] 

* = 0, £ = o' 

dx 

iwL 


c 




J 


uL* 

O 6 


=0: R A - wL = 0 R A = wL 

+)IM a =0: -M a - ^ = 

M a = --wL 2 
A 3 

Using ^Jas a free body (portion ^4i? only), 


+)Mj =0: M + (wx) 


^x 

U 


i^x - M A = 0 


W 




5 




1 9 

M = wx + i^x + M a 

1 2 r 1 r 2 

= — wx + wLx wL 


<vc- 


d 2 y 1 2 r 1 7-2 

El — z- = — wx + wZx wL 

dx 2 2 


dy 1 3 1 r 2 1 r ^ 

El — = — wx H — wLx wZx + C] 


dx 


* = 0,^ = 0 

dx 


—0 + 0 — 0 + C) — 0 C) — 0 


EI V = -—wx 4 + -wLx 3 - -wLx 2 + C 2 
J 24 6 6 

[x = 0, y — 0] ! —0 + 0 — 0 + Cj — 0 C *2 — 0 

(a) Elastic curve over AB . 

= -(-x 3 + 2 Lx 2 - L 2 x) 
dx 6EI 


y = 


w 


24EI 


(-x 4 + 4 Lx 3 - 4L l x~) ◄ 


( b ) y at x = L : 

(c) —at x = L: 
dx 


y b = ~ 


w£ 

24EI 


yB - 


w£ 

24EI 




dy 

dx 


o B = o< 
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PROBLEM 9.7 

For the beam and loading shown, determine (a) the equation of the elastic 
curve for portion AB of the beam, ( b ) the deflection at midspan, (c) the 
slope at B. 


SOLUTION 


— i L 

H 

i 

A 

< L. - 




Reactions: 


Rs 


+)T.M b = 0: - R a L + f^-w 0 Z 


J-z 

3 


1 , 

-w 0 Z 


V 

v6 , 


= 0 


r a = t: w q l 


Boundary conditions : [x = 0, y = 0] [x = L, y = 0] 



Ely = 


— w 0 Zx 3 — — x 5 + C,x + C 2 

48 u 120 L 1 2 


[x — 0 , y — 0] : 0 — 0 — 0 + 0 + 0 

[X 


C 2 = 0 


L, y = 0]: 0 = — vtv.Z 4 - —w 0 L 4 + C,L C, = w 0 Z 3 

48 120 0 80 0 


(a) Elastic curve . 




f 1 

1 -2 3 


EIL 


48 


-Lx 


1 ~ 5 ! -Z 4 x| ◄ 


120 


80 


dy_ 

dx 


Wn 


EIL 


1 r2 2 1 

— L x x 

16 24 


4 — z 4 
80 


/JX Z 

(b) y atx = —. 


y l/2 


% 

EIL 


t 5 \ 


v 384 3840 160 , 


15w 0 Z 
3840 El 


yiji - 


_ WqZ 


256 El 


i ◄ 


(c) — atx = Z. 

dx 


dy 

dx 


w 0 

fz 4 

_y_ _ 

zN 

b EIL 

\16 

24 

80 J 


= +- 


2w 0 Z 3 

240E7 


120Z7 
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PROBLEM 9.8 

For the beam and loading shown, determine (a) the equation of the 
elastic curve for portion AB of the beam, ( b ) the slope at A, (c) the 
slope at B. 


SOLUTION 


[x = 0, y = 0] \x = Z, y = 0] 

wL * IU 


Using free body ABC, 

— 0i —R A L + (wZ) 


(wL) 


0 

1 


r 


i i 


R, = —wL 
A 4 




i-*ii 


rr 

*i r- 


For portion ,4Z, (0 < x < L) 

=0: M - R a x + (wx) 


f x ' 


v^y 


= 0 


M 


1 T 1 2 

—wLx wx 


w 


A >L 




D 

I 


M 


EI 


d 1 2 y 1 . 1 2 

— - = —wLx wx 

Jx 2 4 2 


EI— = — wLx 2 - -wx 3 + C, 
dx 8 6 

1 ~ 1 4 

Ely = — wZx wx + CiV + C ? 

24 24 


[v — 0, y — 0] ! 0 — 0 — 0 + 0 + C 2 C 2 — 0 

[x = L, y = 0]: 0 = — wL 4 - — wL 4 + C,L + 0 = 0 C, = 0 
24 24 1 1 


(a) Elastic curve (0 < v < Z). 


w 


24 EI 


C Lx 3 - x 4 ) ◄ 


ffc = lS - W) 

dx 24 EI 


(4) ^at* = 0. 

dx dx 

(c) ^at* = L. 

dx dx 


0 A =0< 


wU_ 

24EI 


9n 


wE 

24EI 


^ ◄ 
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w 0 

^rffTTlTr^ 



A, ( 

L/2 

* 

L/2 


X 


w 


PROBLEM 9.9 

Knowing that beam AB is a W10x33 rolled shape and that 
w 0 = 3 kips/ft, Z = 12 ft, and E = 29 x 10 6 psi, determine (a) the 
slope at A, ( b ) the deflection at C. 


SOLUTION 



w 


Use symmetry boundary conditions at C. 
Using free body ACB and symmetry, 

R-a ~ ~ ~ w o L 


For 0 < x < — , 
2 


2w n x 
w = — — 
L 


[x = 0, y = 0] [x = Z, y = 0] 


* = i ^ = 0 

2 dx 






?+*- 


3 

v 


M 


dV 

dx 

dM 

dx 


-w ■ 


2w 0 x 

L 

2 


TVfr « — 


fl 

II 

-L 2 x- 

-x 3 l 

V .. 

— —"I 

L \ 


3 J 


= V = -^ + R a =^ 
L L 

+ C M 


But M = 0 at a: = 0; 


dx 1 


-L z - x z 

v4 


hence, C M 


L 14 




dx 


12 


+ C, 


h = i ± = o‘ 

0 = ^ 

f i i A 

—L 4 - ——L 4 

L 2 dx J 

L 

+2 192 J 


+ C, = 0 


C, =- 


192 


- w n L 


Ely = 


_ Wq 


wJ X 5 

Z, l 24 120 


192 


w 0 Ifx + C 2 


[X = 0, y = 0] 
Elastic curve. 


0 — 0 — 0 + 0 + C9 






-( —L 2 x 3 


EIL v 24 

f I 

dx EIL i 8 


1 5 5 4 

— v L v 

60 192 


+ = JhL[ I £ V _ + x 4 _ J_ Z 4 


12 


192 


C 2 =0 
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PROBLEM 9.9 (Continued) 


Data : w 0 = 3 kips/ft, E = 29 x 10 6 psi, I = 171 in 4 


El = (29 x 10 6 )(1 7 1) = 4.959 x 10 9 lb • in 2 = 34.438 x 10 3 kip • ft, 
L = 12 ft 


(a) Slope at x = 0 . 


dy _ 3 

dx ~ (34.438 x 10 3 )(12) 


— ( 12 ) 
, 192 1 


= -3.92 x 10 3 


0 A = 3.92 xlO“ 3 rad 


( b ) Deflection at x = 6 ft . 


y c = 


(34.438 x 10 3 )(12) 


— 1 ( 12 ) 2 ( 6) 3 - — ( 6) 5 - — ( 12 ) 4 ( 6 ) 

,24j 60 192 


= -15.0531 xlO“ 3 ft 


y c = 0.1806 in. i A 
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J 

[ 


L/2 

L/2 — ► 


■X ^ 


PROBLEM 9.10 

Knowing that beam AB is an S200 x 34 rolled shape and that 
P = 60 kN, I = 2m, and E = 200 GPa, determine ( a ) the slope at 
A, (b) the deflection at C. 
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PROBLEM 9.10 (Continued) 


Data: 

(a) 

( [b 0 


P 

E 

Oa 

yc 


60 x 10 3 N, 

200 x 10 9 Pa 

(60 x 10 3 )(2) 2 
(16)(5.38 x 10 6 ) 

(60 x 10 3 )(2) 3 

(48)(5.38 x 10 6 ) 


/ = 26.9 x 10 6 mm 4 = 26.9 x 10“ 6 m 4 
El = 5.38 x 10 6 N • m 2 L = 2 m 

0 A = 2.79 xlO“ 3 rad ^ ◄ 
= 1.859 x 10 -3 m y c = 1.859 mm i 4 
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w 0 


- 


PROBLEM 9.11 

For the beam and loading shown, (a) express the magnitude and location of 
the maximum deflection in terms of wq, L, E, and I. (b) Calculate the value 
of the maximum deflection, assuming that beam AB isaW18x50 rolled 
shape and that w 0 = 4.5 kips/ft, L = 18 ft, and E = 29 x 10 6 psi. 


SOLUTION 


[x = 0, y = 0] [x = L, y = 0] 
[x = 0, M = 0] 

[x = L,M = 0] 


[x = 0, y = 0] 
[x = L,y = 0] 


dV 

dx 


-w ■ 


w, 


f(L-r) 




M = 

L 


Lx - —x 2 
2 


+ Cy — 


dM 

dx 


- Lx 2 - -x 3 | + C v x + C 
2 6 


■M 


0 — 0 + 0 + 0 + c , 


El 


W n 


Lz = m = ^ 


dx 

dy 


M 

-if - -if 
2 6 

y 

v3 


C, 


M 


0 


+ CyL Cy 


-w 0 Z 


L 


t2 1,9 1 3 

Lx Lx + — x 

2 6 


EI— = —L 2 x 2 - - Lx 3 + — X* I + C, 

dx L\6 6 24 1 


Ely = —I -Z.fr’ - — Zx"* + — x 


r2„3 


1 


1 


Z V 18 


24 


0 — 0 — 0 + 0 + 0 + Co 


120 


C 2 = 0 


+ Qx + C 2 


0 = ^ 


Z [18 

c, = -—w,y 

1 45 0 


1 Z 5 - — Z 5 + — Z 5 [■ + CjZ + 0 


24 


120 


y 


w, 


EIL 


— Z 2 x 3 

18 


U 


1 4 1 5 1 4 ' 

— Lx H X Z X 

24 120 45 


Z 2 x 2 - -Zx 3 + —x 4 - — Z 4 


To find location of maximum deflection, set 


dy _ w 0 

dx EIL \ 6 6 24 

+ = 0. 

dx 

r 1 ,2 2 1,3 I 4 

/ = ~ L X m Lx m + 

6 m 6 m 24 


45 


^Z 4 

45 
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PROBLEM 9.12 

( a ) Determine the location and magnitude of the maximum absolute 
deflection in AB between A and the center of the beam. 

( b ) Assuming that beam AB is a W460 x 1 13, Mo = 224 kN • m, and 
E = 200 GPa, determine the maximum allowable length L of the 
beam if the maximum deflection is not to exceed 1 .2 mm. 


SOLUTION 



Using AB as a free body, 

Y,M b = 0: -2 M 0 -R A L = 0 


Using portion ,4.7 as a free body, 

IMj = 0: — M 0 + x + M = 0 

L 


M = ^-(L - 2.x) 
L 


d 2 y 


EI -J_s = ^0 ( Z _ 2x ) 
dx 2 L 


El — = ^-(Lx - x 2 ) + C, 
dxL 

Ely = ^ ) -(-Lx 1 --x 3 
L 2 3 


+ CjX + C*2 


[x = 0, >> = 0] 
[x = L, j = 0] 


0 — 0 — 0 + 0 + C, 


y 


M n ( 1 


£7M 2 


-Lx 1 


M n 


-ZTx 


-L 3 - -L 3 | + QZ, + 0 


dy _ M 0 
dx EIL 


Lx - x 2 - —iA 

6 y 


dy 


To find location of maximum deflection, set — = 0 

dx 

x 2 m -Lx m --L 2 = 0 
6 


x™ = 


L - JL - (4) 


1 > 

U 2 

v6 y 


1- 




C, = 0 


c, 


6 


L = 0.21132 L 


x m =0.211 L< 
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PROBLEM 9.13 (Continued) 


[ x = L,y = 0] Eq. (4): bL - —L(L - ay + C 3 L = 0 

L 6 6 


PI , 1 , P 1,1, 

C, = C 3 = (L - a) 3 - - bL 1 = b 3 - - bL 2 

' 3 L 6 6 M6 6 


Make x = a in Eq. (2). 


P 1,3 1,3 1 , , 2 P(ba + b 3 a - L 2 ab ) 

v r = ba + —b a bLra = — - 

L EIL 6 6 6 6EIL 


Data : P = 35 kips, E = 29 x 10 6 psi 

= 29 x 10 3 kips/in 2 
P = 15 ft, a = 5 ft, b = 10 ft 
I = 291 in 4 , El = 8.439 x 10 6 kip • in 2 
= 58.604 x 10 3 kip • ft 2 

Pc = — 3 [(10)(5 ) 3 + (10 3 )(5) - (1 5) 2 (5)(1 0)] 

(6)(58.604 x 10 3 )(15) 


= -33.179 x 10 ft = -0.398 in. 


= 0.398 in. i ◄ 
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PROBLEM 9.14 

Knowing that beam AE is a W360 x 101 rolled shape and that 
M () = 3 1 0 kN • m, L = 2.4 in, a = 0.5 m, and E = 200 GPa, determine 
(a) the equation of the elastic curve for portion BD , ( 6 ) the deflection 
at point C. 


SOLUTION 


Use continuity boundary condition at B and symmetry boundary condition at C. 
[x = 0 , y = 0 ] 


[x = a, y = y] 

dy_ _ dy_ 
dx dx 


x = a, 


2 dx 


From statics, 

0 < v < a 
M = 0 

dx 

EI& , C, 
dx 

Ely = Qx + C 2 


^ - o 

a < x < L - a 
M = M 0 

EI ~JT = M 0 
dx 

El— = M 0 x + C 3 
dx 

Ely = U/ 0 x 2 + C 3 x + C 4 


[x = 0 , j = 0 ] 

x = — , — = 0 
2 dx 

dy dy 
x - a, — = — 
dx dx 

[x = a, y = y\ 


0 — 0 + c*2 

o = |m 0 l + c 3 


C 2 = 0 

C 3 = - 


— M n Z 
2 0 


— MqQ + C 3 


—M n | -L - a 


(a) Elastic curve (a < x < L - a). 


-M 0 \U-a 

1 9 1 

ci + 0 = —MqCL — —M^Lci + C 4 
Q = ~M 0 a 2 

Ely = ^M 0 x 2 - 2 M 0 Lx + ^-M 0 a 2 

47q / 2 r 2\ 

v = — — (x - Lx + a ) 

2 El 


(b) Deflection at x = — . 

2 


_ ^0 
c 2EI 


' L ^ 




-F) 


X 

— | + Cl 

2 


-^L(X 2 - 4a 2 ) 
8X7 


◄ 
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PROBLEM 9.14 (Continued) 


Data: 


M 0 = 310 x 10 3 N • m, 
L = 2.4 m, 
a = 0.5 m, 

E = 200 x 10 9 Pa 
/ = 301 x 10 6 mm 4 
= 301 x 10 -6 m 4 
El = 60.2 x 10 6 N • m 2 


yc 


310 xlQ 3 
(8)(60.2 x 10 6 ) 


[(2.4) 2 - (4)(0.5) 2 ] 


-3.06 x 10“ 3 


y c = 3.06 m m -l -4 
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PROBLEM 9.15 



For the beam and loading shown, knowing that a = 2 m, 
w = 50kN/m, and E = 200 GPa, determine {a) the slope at 
support A, ( b ) the deflection at point C. 


L 


6 m 
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PROBLEM 9.15 (Continued) 


x = a, 


dy _ dy 
dx dx 


-R A a 2 - - wa 3 + C, = -~R B (2a) 2 + C 3 
2 6 2 


C 3 — Cj 4 — R^a 2 Wa 3 H Rg(2a) 2 — Cj H wa 3 

2 6 2 12 

[x = a, v = >’] 7^« 3 - 77 + c \ a = 7^s( 2 «) 3 - f Q + 77 wa 3 l(2a) 


6 


24 


12 


3C,a = — — R A a 2 + — wa 4 + — R R (2a ) 3 — — wa 2 (2a) = — — wa 4 
1 6 4 24 6 B 12 24 

„ 25 3 

C, = wa 

1 72 

5 1 25 

For 0 < x < a, Ely = — wax 3 wx 4 wa 3 x 

36 24 72 


dy 


1 


25 

72 


■ wa 


Data: 


El — = — wax 2 wx 3 

dx 12 6 

w = 50 x 10 3 N/m, a = 2 m, E = 200 x 10 9 Pa 
/ = 84.9 x 10 6 mm 4 = 84.9 x 10" 6 m 4 , El = 16.98 x 10 6 N • m 2 


(a) Slope at x = 0 . 


16.98x10' 


dy 

dx 

dy 

dx 


= 0 - 0 - ^-(50 x 1 ° 3 )( 2) 3 


-8.18x10“ 


(b) Deflection at x = 2 m . 


77 T 5 4 1 4 25 4 1 4 

tJv r = — wa wa wa = — wa 

c 36 24 72 4 


16.98 x 10Vc = “(50 x 10 3 )(2) 4 y c = 


11.78 xl0“ 3 m 


= 8.18 x 10“ 3 rad^v A 


y c = 11.78 mm i 4 
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c 


I 



x 


PROBLEM 9.16 

Knowing that beam AE is an S200 x 27.4 rolled shape and that 
P= 17.5 kN, L - 2.5 m, a = 0.8 m and E = 200 GPa, determine 
( a ) the equation of the elastic curve for portion BD , (ft) the deflection at 
the center C of the beam. 


SOLUTION 


Consider portion ABC only. Apply symmetry about C. 
Reactions : R A = R E = P 


Boundary conditions : [x - 0, y - 0], [x = a, y = y]. 


dy dy 
x = a, — = — 



dx dx _ 


2 dx 


0 < x < a 

ElEL = M = Px 
dx 1 


El — = - Px 2 + C, 
dx 2 

1 ^ 

Ely - —P* + C x x + C 2 


(1) 

( 2 ) 


[x = 0, = 0] -> C 2 = 0 


a < x < L - a 


d 2 y 

El — y = M = Pa 
dx 

EI— = Pax + C\ 
dx 


1 ? 

Ely = —Pax + C 3 x + C 4 


^ = — , — = 0 
2 dx 


c 


--PaL 

2 


Z dy _ dy 
2 9 dx dx 


1 7 7 1 1 7 1 

-Pa 2 + C, = Pa 2 - -PaL C, = - Pa 2 - -PaL 

2 1 2 1 2 2 



(a) Elastic curve for portion i?Z) . 


C 4 = -Pa 3 

4 6 


P = 


EL 


1 2 

— Pax + C 3 v + C 4 


7 


EI l 2 


1 


1 


ax 2 aLx H — a 3 
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PROBLEM 9.16 (Continued) 


For deflection at C „ 

L 

set x = — . 

2 




1,2 1 3 ) 

— aL H a 

4 6 J 


Pa 

El 



Data : 1 = 23.9 x 10 6 mm 4 = 23.9 x 10" 6 m 4 , 

E = 200 x 1 0 9 Pa 
P = 17.5 x 10 3 N, 

Z = 2.5 m, a = 0.8 m 
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PROBLEM 9.17 

For the beam and loading shown, determine (a) the equation of the 
elastic curve, (b) the deflection at the free end. 


SOLUTION 

Boundary conditions are shown at right. 

dV _ 
dx 


[x = 0, y = 0] 

[x = 0, — = 0] 

dx 


-W = -Wn 


1-4 


+ 3 


\x = L, V = 0\ 
\x = L, M = 0] 




A, 


-W n 


2x 2 x 3 

— *7 


+ C T/ 


[ X = L,V = 0]: 0 = -w 0 [L -2L + L] + C v =0 C v =0 


dM 

dx 


M = -Wn 


-Wf 


2x 2 x 3 

— + F 


v 2 2x 3 + x 4 

~Y~~2L + Jl} 


+ C; 


M 


[x = L,M = 0]: 0 = -w 0 


U 2 --L 2 +-L 2 
2 3 4 


+ C 


M 


C m ~ ^2 


,2 

EI—X = M = -w n 
dx 0 

rT dy 

El = -Wn 

dx 


1 2 2x 3 lx 4 1 r2 

-X 2 + L 

2 3 1 4I 2 12 


1 3 1 x 4 lx 5 1 2 

— X + T Lx 

6 L 20 L 2 12 


6 


+ C, 


[ X = 0 ,^ = 0] 

dx 


q = o 


Ely = -w 0 


1 4 1 X 5 1X 6 


24 

[x = 0, ^ = 0] 


i ^-Z?x 2 

30 Z 120 L 2 24 


+ 


C 2 =0 
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SOLUTION 


w = w, 


■+ 


f[£ 2 - x 2 ] 


dV 

dx 

dM 

dx 


— = -w = %x 2 - L 2 ] 
L 2 


V= 

L 2 


v 3 

L 2 x 


+ Ci 


L 2 


—x 4 - -L 2 x 2 

12 2 


+ C4X + C2 


[x = 0, M = 0]: 0 = 0- 0 + 0 + C 2 

w. 


[x = L, M = 0]: 0 = ~y 
L 


-l 4 --l 4 
12 2 


+ C X L 


c 2 = 0 


C, = WnL 

1 12 0 


El 


d 2 y 


2 ^=4 

dx 2 L 2 


1 4 1 ,2 2 5 3 

— x Lx H Lx 

12 2 12 


El 


dy = w 0 

Jx Z, 2 


1 5 1 ,2 3 5 3 7 

— x Lx + — Lx 

60 6 24 


+ (7^ 




1 6 1 r? 4 5 3 3 

x Lx H Lx 

360 24 72 


+ C^x + C4 


[x — 0 , 4 — 0 ] 1 0 — 0 — 0 + 0 + 0 + C4 


[x = Z,y = 0]: 0 = ^ 

L/ 


_L L 6__L z 6 + + z 6 

360 24 72 


+ C 3 Z 


C 4 = 0 


C, =- 


_y_ 

360 


w n L 


(a) Elastic curve . 


y = w 0 (x 6 - 1 5Z 2 x 4 + 25 LV - 1 \L b x)B60EIL 2 ◄ 


4 = W() (6x 5 - 60L 2 x 3 + 75I 3 x 2 - 1 1I 5 )/360£/I 2 
dx 


(b) Slope at end .4 . 


Set x = 0 in dy/dx. 


dy 

dx 


11 w 0 L 3 
360 El 


0a = 


1 1 w 0 Z : 
360 El 


3 
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[x = 0, y = 0] 

’* = 0,^ = 0’ 

dx 


[x = L, y = 0] 


PROBLEM 9.19 

For the beam and loading shown, determine the reaction at the 
roller support. 


SOLUTION 


Reactions are statically indeterminate. 
Boundary conditions are shown above. 
Using free body KB, 


+)M k = 0: R B (L - X) - w(L - x )[- — -1 

2 J 


M = 0 


M = R b (L - x) - ^ w(L - x) 2 

ei-jy = R B (L - *) - 1 ML - x) 2 
dx 2 

El— = ~—R b (L - x) 2 + -w(L - x) 3 + C, 
dx 2 6 




M 


c 

V 


/V V' 

/y 

t / / 

it'f 

y v 



-i-x 


B 

Re 


0 , E = 0 

dx 


: 0 = -~R r L 2 +-wL 3 + C, 
2 B 6 1 


1 


1 


C, = - -w-Z; 


1 


1 


Ely = - x) J - — H<I - x) 4 + C,x + C : 


[x = 0 , v = 0]: 0 = - R b L 3 - — wL 3 + C 2 
6 24 


C 2 = + — wL 4 

6 24 


[x = L, y = 0]: 0 = 0 - 0 + C X L + C 2 


-Z? g L 3 --wL 4 - - R b L 3 + — wL 4 
2 B 6 6 24 


= -wL t ◄ 
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PROBLEM 9.20 

For the beam and loading shown, determine the reaction at the 
roller support. 


[x = 0, y = 0] 


[x = L, y = 0] 

x = lA = 0 

dx 


SOLUTION 


Reactions are statically indeterminate. 

Boundary conditions are shown above. 

Using free body AJ , 

+)z Mj =0: M 0 - R A x + M = 0 
M = R a x - M 0 

ei^ = R a x-m 0 

dx 

El— = -R a x 2 - M 0 x + C, 
dx 2 





x = l, ^ = o 

dx 


0 = ^R a L 2 - M 0 L + Cj 


Q = 


1,1 , 

Ely = —R a x 3 M 0 x 3 + C x x + C 2 

6 2 

[x = 0, y = 0] C 2 = 0 


\x = L, y = 0] 0 = 2 r aL ^ _ I Mo L 2 + f M 0 L - U^Z 2 \L + 0 


= 3 Mo ^ ^ 
" 2 L 
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SOLUTION 


Reactions are statically indeterminate. 
Boundary conditions are shown above. 
Using free body JB , 


1 r\ 

+)EM y =0: -M + R b (L - x) + -w 0 (L - x)-(L - x ) 


1 w 0 x 


1 


+ "—(L - x)-(L -x) = 0 

2 L 3 


w. 




M £ 


frnTTTr 


M = R b (L - x) - -±[2 L(L - xf + x(L - xY] 

6 L 

= R r (L - X) - — [2Z 3 - 4 L 2 x + 2 Lx 2 + xL 2 - 2 Lx 2 + jc 3 ] 
6L 


w f 


= R b (L - jc) - - 3L z x + 2L ) 

6L 


L-* 


Wo 


El^r = - JC) - -^(x 3 - 3L z x + 2 V) 

dx 6L 


El— = R b 
dx B 

Ely = R b 


1 ' w, f 


Lx--x 2 1 _ 223L 


2 J 6 L 

1 r 2 1 3^ 

— Lx X - 

\2 6 J 


-x 4 - -L 2 x 2 + 2L 3 x 

A 2 

Wn f 1 

6L ( 20 


+ Ci 


'°i 1 x 5 - — z?x 3 + iYx 2 


+ CjX + C2 


[v — 0, y — 0] — ^ C 2 — 0 

= 0 -> c 

dx 


x = 0.^ = 0 


c, = 0 


[x = Z, ^ = 0] 0 = 


2 6 


WnZ 


— -- + 1 
20 2 




f-1 

v6 y 


11 I T 

\ W 0 L 

\20 


R = — W L t ◄ 

40 0 
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SOLUTION 

Reactions are statically indeterminate. 
Boundary conditions are shown above. 


w = ^(Z - x) 

L 

dV w 0 

= -w = -(L - x) 

dx L 

dx L [ 2 


+ Ra 


M = -^ 

L 


- Lx 2 - -x 3 I + R a x 
v 2 6 A 


EI^-X = -Lx 2 - -X 3 I + R a x 

dx 2 L U 6 A 

El— = -Lx 3 - — x 4 l + -R a x 2 + C[ 
dx L U 24 J 2 

W ol 1 r„4 1 S\ , 1 D „3 


Ely = — ^ — Zx 4 x 3 + -R.x 3 + C,x + C 2 

r 1 ^ 120 J 6 


L y24 
[x = 0, y = 0] 


0 — 0 + 0 + 0 + C 


c. 


'x = L,E, o’ 

_Wq_ 

f i i A 

-L 4 -— Z 4 

dx 

L 

U 24 J 


+ -R.Z 2 + C, 
2 


0 

0 


C, 4^-I^z 2 








5 


W n 


[x = Z, y = 0] - 


— Z 5 Z 5 U-i^Z 3 + 
v 24 120 J 6 


w 0 Z 

o Z 


z = o 


fl 

n 


fl 

1 1 ^ 

- 


R a = 



u 

6 y 


v 8 

24 120 y 


W n Z 


l p _ 11 , 

Ra — Wr\L 

3 A 120 0 


Ra = 


U_ 

40 


-w, 


,Z t ◄ 
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SOLUTION 


u'ott/L) 2 


w () 



Reactions are statically indeterminate. 
Boundary conditions are shown at left. 
Using free body JB , 

+)IM / = 0: 


[x = 0 , 7 = 0 ] 

[x = 0, ^ = 0] 
dx 


[x = L, y = 0] 



-M + \ L x ^?0; - x)d% + R b (L - x) = 0 

M = ~ x)d% - R b {L - x) 

L 

w 0 f 1 e 4 




- x) 


= +4 -Z 4 - — Z 3 x + —x 4 I - 7? 5 (Z - x) 
Z 2 U 3 12 1 B 


_ Z2L 
Z 2 


-Z 4 - — Z 3 x + —x 4 
4 3 12 


- i? g (Z - x) 


dx 


1 r 4 1 r 3 2 1 5 ^ 

— X X L X H X 

4 6 60 


1?* 




- Z 4 x 2 


— Z 3 x 3 + — x 6 

18 360 


x = 0, Z = 0 

dx 

[x = 0, y = 0] 

[x = Z, y = 0] 


0 — 0 + 0 + Cj 


0 — 0 + 0 + 0 + 


Lx - |x 2 | + C, 

7?^ j ~ Zx 2 — — x 3 J + C^x + C ^2 


c, = 0 


f\ 1 + n 

7-4 

(1 n 

v 8 18 360 y 

w 0 L - 

V2 6y 


c 2 = 0 


r b u = 0 


13 

180 


w n Z 4 - — 7? R Z 3 = 0 


p 13 T 
Rn = W n L 

S 60 0 


Data: 


Wn 


15 kN/m 


Z = 3 m 


=R(15)(3) = 9.75kN 


7?„ = 9.75 kN t ◄ 
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1 

i: 


LI. 2 

— 

LI 2 ► 


PROBLEM 9.25 

Determine the reaction at the roller support and draw the bending 
moment diagram for the beam and loading shown. 


[x = 0, y = 0] 

= 0 , £ = 0 

dx 


[x = L, y = 0] 


SOLUTION 

Reactions are statically indeterminate. 

+tz F„ =0: R A + R n - P = 0 R A = P - R k 


+ "JLM a = 0: -M A + \pL - R b L = 0 


M a =R b L--PL 


0 < x < —L: 

2 


M = M A + R a x 


9 


(?s 


= M a + £ 4 x 


dy 


1 9 

El — = M A x H — R A x + C | 
dx 2 


1 9 1 9 

Ely = —M a x 2 h — + Qx + C 2 

2 6 


1 


L < x < L: 


M = M A + - P 


x--L 

2 


El 


d 2 y 


/ 


dx 

dy 


2 — AZ — AZ^ + R a x — P 


x Z 

2 


£/— = M ,x + —RaX 2 
dx A 2 A 


\2 


x L 

2 


+ 


Ely = —M a x 2 + -R^x 3 - -P 
2 6 6 


Z 

x 

2 y 


+ + C4 
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PROBLEM 9.25 (Continued) 
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A 


L/2 



L 



PROBLEM 9.26 

Determine the reaction at the roller support and draw the 
bending moment diagram for the beam and loading shown. 


[x = 0 , y = 0] 

* = o,^ = o' 

dx 


[x = L, y = 0] 
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PROBLEM 9.26 (Continued) 


dy_ 

dx 


0 + 0 + C i — 0 


[.v — 0, y — 0] 0 + 0 + 0 + C 2 — 0 

L dy dy 

2 dx dx 



C \ 


M 0 L 



M a ~ _ - —M 0 


, . 9 M 0 1 

\ ! — — :\ I : , H — \ / . , 

C U o t 1 /: v 


M c+ = R b 


L - 


8 L 

o 


16 


9 M 0 fL 


= —M 0 
16 0 


R b = 

M , 


M = 

c 


M 


C, = 0 

c 2 = 0 


9 M 0 ^ ^ 
8 Z 

= -M 0 ◄ 
8 0 

M 0 ◄ 
16 0 

= — M 0 ◄ 

16 0 
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SOLUTION 


Reactions are statically indeterminate. 

0 < x < — 


J* 


2* 1 


x-fc- 



d 2 y 

EI—^r = M = RaX 
dx 2 

El— = -R a x 2 + C] 
dx 2 


Z 


Ely — — R^x^ + + O7 

6 


< x < L 


+)IMj = 0: 


-R a x + - 


1 2w 0 ^ 


2 Z 


L 

x 

2 


z V 

x — 

2 J 3 




L 


El 


d_y 

dx 2 


M = R a x - 

3 L 


L 

x 

2 


x--\ + M =0 
2 

3 


El — = -R A x 2 - — x--\ + C 3 

dx 2 A 12 Z l 2 1 3 


Ely = i R a x 3 - — ^ 
6 60 Z 


x 


+ C^x + C4 


[x = 0, y = 0] 

L dy _ dy 
2 ’ dx dx 

L 

\-lX = 0 

dx 

[x = L,y = 0] 


0 — 0 + 0 + ( 3 ) 


1 „ 

fzf „ 

1 „ 


— R A 

— + Ci 

= — R A 


J 2 A 

UJ 

2 A 

V 2 y 


0 + G 


3 



0 + CJ— + C 4 


( 1 ) 

( 2 ) 

(3) 


(4) 

(5) 

( 6 ) 


C 2 =0 


C, = C 3 


C 4 = C 2 


c. 


— R^Z 3 - — — ] + — w 0 L 4 - - R a L 3 + 0 = 0 

6 ^ 60 Z l 2 J 96 0 2 A 


1 , 1 , 

w n Z 3 RjLr 

192 u 2 
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PROBLEM 9.27 (Continued) 


-- - I r a l 3 = 
v 2 6 A 


f 


1 


1 


From (1), with x 


v 192 1920 

M 


w 0 Z 


-Ra 


640 


w 0 L 


c 


R, 


1280 


~WnL 


R = W L t ◄ 

640 

M r = 0.00703 lw n Z 2 ◄ 


From (4), with x = L, 


Mr 


9 u . L 2 _ I Mh f L 

640 0 3 Z l 2 


53 

1920 


w 0 Z 


Location of maximum positive Min portion Ci?: 


M g = -0.0276 w 0 L 2 ◄ 


dM 

dx 


r a 

^ z 


z 


T _A = /M- 


w, 


o 


640 


-Z = 0.1186Z 


x m = 0.5 Z + 0.1186Z = 0.6186Z 
From (4), with x = x m , M m = 7?^(0.6186Z) - j^-(0.1 186Z) 3 


M m = 0.008 14w 0 Z 2 ◄ 
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PROBLEM 9.28 

Determine the reaction at the roller support and draw the bending moment 
diagram for the beam and loading shown. 


SOLUTION 


Reactions are statically indeterminate. 

0 < x < — 

2 


W 



d 2 y 

El — tt — M =R a x 
dx 2 

El— = -R a x 2 + Cj 
dx 2 

1 * 

Ely = —R a x 3 + C x x + C 2 
6 

L 

— < x < L 
2 


(1) 

( 2 ) 
(3) 


EI^-X = M = R a x - —w 
dx 2 2 


L 

x 

2y 


dy 1 2 1 

EI— = —R,x w 

dx 2 6 


L 

x 

2 


+ Ci 


Ely = — RjX 3 — — wf x — — \ + CiX + C 4 
6 ^ 24 l 2 1 3 4 


(4) 

(5) 

( 6 ) 


[x = 0, j = 0] 

L dy dy 

X — 5 — 

2 dx dx 


x 


L 

2 ’ 



x = L, 



dx 


[x = L, 7=0] 
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^ 2 = 

L/2 

L/2 


PROBLEM 9.29 

Determine the reaction at the roller support and the deflection at point C. 


SOLUTION 



Reactions are statically indeterminate. 

0 < x< — 

2 


El E? = M = R x - -wx 2 
dx 2 2 

ElE = -R a x 2 - -wx 3 + C, 
dx 2 6 

Ely = — R A x 3 — — wx 4 + Cii + C 2 
6 ^ 24 12 


Z 


< x < L 


+)I.M k = 0: -R,x + ZvL 


(See free body diagram.) 

z N 


x-- | + Af = 0 
4 


EI EX = M = R a x - -wl{ x--L 
dx 2 2 { 4 


dy 1 2 1 r 

El— = —R 4 x wL 

dx 2 4 


X + C: 


Ely = - — wL 

6 ^ 12 


x - 


+ + C4 


[* = 0, y = 0] 


0 — 0 + 0 + c*2 — 0 c*2 — 0 


_ Z dy _ dy 
2 ’ dx dx 


V 


(LX _ 1 




w — 

6 1 2 . 



- — wL 

(L \ 

\2, 

4 

v4y 


+ 


C, = C 3 + — vi' Zf - — wZf = C, + ■ 


48 


64 


192 


- wt 


L 

x = ^y = y 



l -jL) Jo^ + E wL Ale 

14 [2 J I / 3 192 J 2 6 


)L 

1 (L 

\ 1 


- 

= - 

wL 


2 

6 \2. 

1 12 

vL 


+ C/— + C A 


c A 


wL 4 + — wL 4 + —wL 4 = —wL 4 


384 


384 


768 


768 
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PROBLEM 9.29 (Continued) 


1 

X 

II 

tx 

1^ 

II 

o 

1 

: — 7?^Z 2 - — wzf— Y 

dx 

2 4 V 4 J 


+ Co — 0 


C 3 = —wL 3 - -R a L 2 
3 64 2 4 


[.x = L, y = 0] : 


-R a U wL\ — + 


12 


— wL 3 - -R.L 1 
v 64 2 


L + — wL 4 
768 


fl 

n 

i , / 

' 9 

27 

1 S 


1 „ 

41 r 



\r a l 3 = 




wL 4 

-r a -- 

= wL 

u 

6y 

1 4 { 

v 64 ~~ 

768 + 

768 J 


3 4 

384 

C 3 


1 

os 1 

1 41 

wZ 3 = 

5 

wL 3 




64 

2 128 


256 




c, 



— — wL 3 

1 

+ — 

-wZ 3 = 

11 

-wZ 3 




256 


192 

f 


768 


Deflection at C. 


L 

y at x = — 
2 


7c 


;; / 1 41 


/p 4 


41 


or 


7c ~ 


wL 


6 

128 

K2) 

24 


1 

11 

w 4 

i 

384 

1536 

J El 

1 

41 1 

f 1 Y 

1 

6 

128 

L 2 J “ 

12 \ 


11 1 


768 2 


+ 0 


19 wU 


6144 El 


5 1 1 

+ 256 ’ 2 + 768 


41 


7?, = wL T ◄ 


128 


7c 


19 wZ 


6144 El 


i ◄ 


c 


V 


41 

6144 



5 

512 



wZ 4 

El 


19 wZ 4 
6144 El 
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PROBLEM 9.30 

Determine the reaction at the roller support and the 
deflection at point C. 


[x = 0, y = 0] 

dy 


0 , 


dx 


0 


x= 2’ y = y 


L dy dy 

2 dx dx 


[x = L, y = 0] 


SOLUTION 

Reactions are statically indeterminate. 


+tlF J= 0: R a +\wL-\wL + R b = 0 R A = -R B 


+)IM a = 0: -M a -[^wL 


M a = R b L - wL 1 


— h R r L — 0 
2 B 


From^ to C: 



El 


d 2 y 

dx 2 


1 ? 

M = M a + R a x + ~ wx 


EI — = M ,x + -R a x 2 + -wx 3 + C, 
dx 2 6 

Ely = —Max 2 + —RaX 1 ' + — wx 4 + Gx + C ? 
2 6 ^ 24 12 
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PROBLEM 9.30 (Continued) 


From C to B\ 


L 

— < x < L 
2 


EI^-X = M = M a + RaX + -wL 
dx 2 A A 2 


r 


L 


x - ■ 


w x - 


\ 2 


EI& 

, 1 _ 9 1 T 1 

( 

zY 1 ( L\ 

= M aX h — R aX h — wL 

x - 


dx 

A 2 A 4 1 

V 

4 J 6 v 2 J 


1 


1 


Ely = —M a x h — R a x h wL\ x 




dx 


12 


0 + 0 + 0 + Q = 0 


w jc-— +C 

24 l 2. 

C, = 0 


\_x — 0, y — 0] 0 + 0 + 0 + 0 + — 0 C 2 — 0 



'3+ + C4 


0 + C 3 
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PROBLEM 9.30 (Continued) 


Deflection at C. 


C A 


[— — 

1 384 768 384 


wU 


■— wL 4 
768 


\x = Z, y — 0] 


-MX 2 + -R.L 3 + —wL 
2 A 6 A 12 


'3 Z' 3 


+ —wL'(L) - —wL 4 
192 768 


v 4 
= 0 


w 

24 


^ 4 


v^y 


1 


1 


1 


- R b L - -wlf \U + -(-R b )L + 


27 


1 


J_ J_ 

v 768 384 192 768 


wL 4 = 0 


2 6 , 


\ n r3 1 

4 1 7 ' 

jR b L - 

v 8 _ 192 y 


wZ 4 = — wL 

3 192 


17 


= — wL t ◄ 


64 


17 


| — 7? d — wIj 

A B 64 


M A 


R r L - -wL 2 
B 4 


17 1 


64 


hZ = — wL 
64 


L 

y at x = — 
2 


Efyc = ~M a 


Z 

~2 


+ -R a 
6 A 


Z 

~2 


H W 

24 


Z 

~2 


>r± 


2 ^64 
1 


wZ 


Z 


- +- 


17 


wL 

64 y 


z 

V 2 y 


H w 

24 


^ 4 


v^y 


17 1 

+ ■ 


512 3072 384 


wZ 4 


-wZ 4 


1024 


yc 


1 wZ 4 


1024 El 


i * 
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PROBLEM 9.31 

D} 

AT 

B 

Determine the reaction at the roller support and the deflection at point D 

— 



if a is equal to L/ 3. 


a 

L 



SOLUTION 


0<x < a: 


M = R a x 

EI ~—^r = M = RaX 
dx 2 

Ejdy. = -R a x 2 + C, 
dx 2 

1 i 

Ely = —R a x 3 + C x x + C 2 

6 


a 


-A 


•L 


M 6 

D 


a<x < L\ 


EI 


M - R a x - P(x - a) 

d 2 y 


dx 2 


M = R a x - P{x - a) 


EI — = -R a x 2 - -P(x - a) 2 + C 3 

dx 2 2 

Ely = -R A x 3 -~P(x - a) 3 + C 3 x + C 4 

6 6 

[x = 0, y = 0] : 0 + 0 + C 2 = 0 


C 9 = 0 


dy dy 
x = a, — = — 
dx dx 


1 ? 1 7 

—R a cl + C\ — —R A a — 0 + 
\x = a, y = y\: 


Ci =C 3 


— R A a 3 + C^u + 0 ~ — R A Q 3 — 0 + C^u + C 4 
6 6 


C 4 = 0 


x = L,E = 0 

dx 


iR A L 2 -^P(L-a) 2 + C 3 = 0 


1 


••• C 3 =^P(L-a) 2 -I^L 2 
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PROBLEM 9.31 (Continued) 


Deflection at D. 


[x = L, ^ = 0]: 


1^1 , 1 , 1 , 
-R£ -~P(L- a ) 3 + -P(L - a f - - R A L 1 
6 A 6 2 2 A 


(L) + 0 = 0 


R a = -^(21? - 3aL 2 + a 3 ) = 

21 } 21 } 


21 } - 1 } + — 


3^ 


( L 

y at x = a = — 

v 3 






~E1 



+ 



M 

3 / 


A 2 


1 4 
27 


P \U 



Ra 


—P t ◄ 
27 


20 py 

218 7 El 


20 PL 3 | . 

2187 El 
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SOLUTION 


4 


YF y - 0 : R A + R B - 0 R a - R b 


+)Y,M a = 0 : M 0 - M a + R b L = 0 M A = + M 0 


0<x < a: 


Ad — Ad A + R a x 

r2 

£ 7^4 = M = M A + R a x 
dx 2 

El— = M„x + -£^ 2 + C, 
dx 2 


1 9 1 i 

Ely - —M a x 2 h — R a x 3 + Qx + C 2 

2 6 

a<x < L\ 


Ad = M A + R a x - M 0 


Cf 


#= 




El 


d 2 y 


2 = M = M A + R a x - M 0 


dx 

ElE = m a x + - R a x 1 - M 0 x + C 3 
dx 2 

Ely = -M a x 2 + -R a x 3 - —M 0 x 2 + C 3 x + C 4 
2 6 2 


dx 


: 0 + 0 + q = 0 


Cj = 0 


[x — 0, y — 0] ! 0 + 0 + 0 + C 3 — 0 
dy dy 


x - a. 


dx dx 


C 2 = 0 


1 ? 1 ? 

M A a + — R A a = Ad A a + — - Ad 0 a + C 3 

[x = a, j; = 7] : 


C 3 = M 0 a 


— Ad A d 2 H — R A cc > — — Ad A d 2 H — R a ct > Ad 0 d 2 + (M 0 a)(a) + C4 

2 6 2 6 2 


1 9 

Q - ~—M 0 d 
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PROBLEM 9.32 (Continued) 


Deflection at D. 


[x = L, y = 0] : 


±-M a L 2 + ] -R a I} - ±-M 0 L 2 + (. M 0 a)(L ) - ] -M i} a 2 = 0 
2 6 2 2 

~(R b L + M 0 )L 2 + -(-R b )L? - —M 0 L 2 + M 0 aL - -M 0 a 2 = 0 
2 6 2 2 


r b 


3M 0 a 

2L 3 


(a - 2 L) 


3 M 0 
21 } 


(L 

1 3 




5Mo 

6 Z, 


yD 



? i 

M A x h — 
6 


5M, 


6L 


L + M, 




v 


+ - + 


5M 0 VZ 


61 6L 



7 M 0 Z 2 
486£7 


Rb 


5M o j, 4 

6L 


TMqI? 
486 El 


t ◄ 
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PROBLEM 9.33 

Determine the reaction at A and draw the bending moment diagram for 
the beam and loading shown. 


[x = 0, y = 0] 

x = 0, — = 0 
dx 



5* 

II 

V 

II 

© 


1 O 
II 

^1 

ii 


dx 


SOLUTION 

Reactions are statically indeterminate. 
By symmetry, 


Rb ~ M B — M A 


dy L 

— = 0 at x = — 
dx 2 


+ 12^=0: R a +R b -wL = 0 


R b =R a = — wL T ◄ 


Over entire beam. 


1 9 

M = M a + - — wx 

EI^-X = M a +—wLx --wx 2 

dx 2 2 2 

El^X = M A x + -wLx 2 -~wx 3 + C, 
dx 4 6 


dx 


^1 ^ I wL 

< 4 1 £ 

U li 


M a 


c 


w 

If "' /” a /ll 


& 


t) 




0 + 0-0 + Ci=0 Cj = 0 


2 Jx 


1 


1 


— M aL h wE wZ? +0 — 0 


16 


48 


M a 


—wL 2 y< 

1 O / 


12 


1 2 1 1 2 

M wL h — wLx wx 

12 2 2 


M = w[6x(L-x)-L 2 ]/12 ◄ 
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SOLUTION 



Reactions are statically indeterminate. 

Because of symmetry, — = 0 and V = 0 at x = — . 

dx 2 


[x = 0, y = 0] 

i 

o 1 

II 

II 

L 


(n E 

1 

X 

II 

o 

ii 

o 

i 

x = Z, ^ = 0 
|_ dx 

Use portion AC of beam. 

l 2) 


x = V = 0 
2 


x = F = 0 

2 dx 



El 


dV 

dx 

dM 

dx 

d 2 y 


-w 


-2 — . 


= V = — V-x z + Z, 
Z 


El 


dx 

dy 


2 - M = + Z^x + M a 

3 Z 


1 W, 


^-x 4 + -R a x z + M a x + C, 
12 Z 2 1 


1 


dx 


1 Wn O 1 t 1 9 

Ely = -x 2 + — Z.x 3 + —M a x 2 + C,x + C 2 

60 Z 6 2 ^ 1 2 


( 1 ) 

( 2 ) 

( 3 ) 

( 4 ) 


,r = 0, ^ = 0 

dx 


0 — 0 + 0 + 0 + Cj 


Q = 0 


[x = 0, y = 0] : 


0 — 0 + 0 + 0 + 0 + C~) 


C 2 =0 


x = — , F = 0 
2 


3 

z 




v^y 


+ + = 0 


4 


4 = F *=0 
2 dx 


1 w n ( o 4 ' r 


12 Z 12 


1 

+ — 
2 




vi ' 2 


v ^ y 


+ M , — + 0 = 0 
21 2 
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tr 


- L/2 - 


lL 


-L/2 - 


PROBLEM 9.35 

For the beam and loading shown, determine ( a ) the equation of the 
elastic curve, (b) the slope at end A , (c) the deflection of point C. 


SOLUTION 



/ Z 

= -w( x 

dx 

dM If D i 

= V = R a - w( x 

dx \ 2 


M = X4 + ^4^ 


-w X 


Z 


[x = 0, M = 0] [x = Z, M = 0] 
[x = 0, 3; = 0] [x = L, y = 0] 


[ X = Z, Af = 0] Z^Z 


1 r Z 

— w 


= — wL 


El 


d 2 y \ T II L 

— — = —wLx w x 

dx 2 8 2 


dy 1 2 1 / Z\ „ 

dx 16 6 \ 2/ 1 


£7v = — wZx 3 — —w(x — — ) + C,x + C, 
48 24 \ 2 / 1 2 


[x = 0, y = 0] 
[x = L,y = 0] 


0 — 0 + 0 + 0 + C, 


1 4 1 

— wL w 

48 24 




c 2 = 0 


+ CZ + 0 — 0 


Q = - 


j_ _ j_ n 

48 24 ’ 16, 


wZ 3 = — —wL 3 
384 


(a) Elastic curve . 


nr 1.3 1 / ^ 

Z7y = — wLx w( x 

48 24 \ 2 


7 f 3 
wL x 

384 


w I 1 3 1 / Z 

El 48 24 \ 2 


^z 3 x 

384 


dx El 16 


-U> 

384 
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[x = 0, y = 0] [x = L, y = 0] 


PROBLEM 9.36 

For the beam and loading shown, determine (a) the 
equation of the elastic curve, ( b ) the slope at end A, (c) the 
deflection of point C. 


SOLUTION 

Reactions : 

r a = ^ t, 

A L 
0 < x < a 
a < x < L 

Using singularity functions, 


R» 


Msii 


M = R a x 
M = R a x - M 0 


El 


El 


d^y 

dx 2 

dy 


= M = R A x - M 0 (x - a) 0 

1 ? i 

= —R a x 2 - M 0 (x - ay + C l 


F 


g 


(a) Elastic curve . 


dx 

1 o 1 7 

Ely = —R a x 3 M 0 (x - a) 2 + C x x + C 2 

6 2 

[x = 0, y — 0] 0 = 0 — 0 + 0 + C *2 C 2 = b 

[x = L, 7 = 0] -R a L 3 - -M 0 (L -a) 2 + C l L + 0 = 0 

6 2 


CL = — 


1 M, 


0 7-3 


6 L 


U + -M 0 b 


C, = ^(3^ 2 - Z 2 ) 

y = ~ ~ - «> 2 + ^rOb 2 - l 2 )x 

El 6 L 2 6 L 


y = 


= ^-{x 3 - 3Z(x - «> 2 + ( 3 * 2 - £ 2 )*} < 


— = -^_(3x 2 - 6L(x - a) 1 + (36 2 - Z 2 )} 
dr fiiFJT, t ' 
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PROBLEM 9.36 (Continued) 


(b) Slope at A . 


dy 

dx 


at x = 0 


(< c ) Deflection at C . 


e A = 


_ Mo 


6EIL 

(y at x = a) 


{0 - 0 + 3 Lb 1 - L 3 } 


0 = -MtEQb 2 

6 EIL 


y = -Mo _{ a 3 _ 0 + (36 2 _ Jl 

c 6EIL 

= + 3 b 2 - (a + b ) 2 } 

6EIL 


M 0 a 

6EIL 


+ 3 b 2 - / - lab - b 2 } 


= M£- {lb >-2ab} 

6EIL 


Mr,ab 

y c = — y — 

c 3 EIL 


L 2 )^< 


- a) T ◄ 
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PROBLEM 9.37 

For the beam and loading shown, determine the deflection at (a) point B, 
(. b ) point C, (c) point D. 


SOLUTION 


— = V = — -P(x-a)°-P(x- 2a) 0 - P(x - 3 a>° 
dx 2 


El 


d 2 y 


3P 


= M = — x - P(x - a) 1 - P(x - 2a) 1 - P(x - 3a) 1 


dx 2 2 


» 4 P + 4’ 


El— = —x 2 - -P(x - a) 2 - -P(x - 2a) 2 - -P(x - 3a) 2 + C, 
dx 4 2 2 2 

Ely = —x 3 - -P(x - a) 3 - -P(x - 2a) 3 - -P(x - 3a) 3 + C,x + C 2 


R 


1 


R 

x 


[x — 0, y — 0] i 0 — 0 — 0 — 0 + 0 + C *2 — 0 

[X = 4a, y = 0]: 16Pa 3 - - Pa 3 - - Pa 3 - -Pa 3 + 4 aCj = 0 


C 2 = 0 
c, = --Pa 2 


p 

Elastic curve . y = [3x 3 - 2(x - a) 3 - 2(x - 2a) 3 - 2(x - 3a) 3 - 30a 2 x] 


12P/ 


Pa 


x = a\ 

yrt = [3 

B 12EI 

x - 2 a: 

Pa 3 

Vc ~ 12EI 

x = 3 a: 

Pa 3 

y ° ~ 12EI 


[3-0-0-0-30] 
[24-2 -0-0-60] 
[81-16-2-0-90] 




Ec = 


Ed 


9Pa 3 
4EI 
1 9Pa 3 
6EI 
9Pa 3 
4EI 




14 
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y 

I 

r | 

r 

f PROBLEM 9.38 


A B \ 

cl 

D' 

For the beam and loading shown, determine the deflection at (a) point B, 
(b) point C, (c) point D. 









a ^ 




SOLUTION 


% 4 P 4 P 4 f 

R.f 


, = o, i& = o 

dx 


+| IF y = 0: R a -P-P-P = 0 
+ ')'LM a = 0: -M a - Pa- P(2a) - P(3a) = 0 M 

— = V = 3P-P(x- a) 0 - P( x - 2a) 0 
dx 


R a = 3P 


-6Pa 


El 


d 2 y 

dx 2 


= M = 3Px- P( x - a ) 1 - P( x - 2a) 1 - 6Pa 


dx 


o-o-o-o + q = o 


EI— = - Px 2 - -P(x - a) 2 - -P(x - 2a) 1 - 6Pax + C, 


Cj = 0 


Ely = -Px 2 - -P(x - a) 3 - -P(x - 2a) 3 - 3Pax 2 + C 2 
2 6 6 


[x = 0, y = 0] : 0-0-0-0 + C 2 =0 


C 2 = 0 


Elastic curve , y = [3x 3 - (x - a) 3 - (x - 2a) 3 - 18ax 2 ] 

6EI 


(a) x = a: y B 


(. b ) x = 2a: y c 


PcP_ 

6EI 


[3-0-0-18] 


Pa 

6EI 

Pa 3 


[24 - 1 - 0 - 72] 


(c) x = 3a: y D = [81-8-1-162] 

6EI 


yB 


yc 


yD - 


5 Pa 
2 EI 
49Pa 3 
6EI 
15-Pa 3 
4EI 


14 


14 


14 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1432 


J 

' ' B C 1 ) 

r J 

— a — ► 

a — ► 

— 

a — ► 


D 


PROBLEM 9.39 

For the beam and loading shown, determine (a) the deflection at 
end A, ( b ) the deflection at point C, (c) the slope at end D. 


[x = a, y - 0] [x = 3 a, y - 0] 


SOLUTION 


Kb 


1 ! 


Reactions: 


R„ = 2 P t. 


f?c 


(0 < x < a): 

(a < x < 2a): 

(2 a < x < 3a): 

Using singularity functions 


r d = o 

V = -P 

V = -P + 2P 

V = -P + 2P - P 


- = V = -P + 2 P(x - a >° - P(x - 2a)° 
dx 

M = -Px + 2 P(x - a ) ] - P(x - 2a) 1 + M A 


But 


M = 0 at x = 0 


M a =0 


i2 

ei ~T = M = -Px + 2 p(x - a) 1 - p(x - 2a) 1 

El— = --Px 2 + P( x - a) 2 - -P(x - 2af + C, 
dx 2 2 

Ely = --Px 3 + -P(x - af - -P(x - 2 of + C x x + C 2 


6 

[x - a, y = 0] 
[x = 3a, y - 0] 
Eq (5) — Eq (4) 


1 -„3 


Pa + 0 — 0 + C^a + C *2 — 0 


(1) 

( 2 ) 
( 3 ) 


aC) + C 2 = —Pa 3 (4) 

6 


— P(3ay + -Pilaf - - Pa ' + C x (3a) + C 2 = 0 3 aC x + C 2 = 2 Pa z (5) 

6 3 6 


2C,a + —Pa 2 
1 6 

C 2 = —Pa 2 - aC, 
2 6 1 


11 7 

C + —Pa 2 
1 12 


-—Pa 3 

4 


P 1 3 1 / \3 1 / 

• v= i 7 rP *X~ a) -~X 


~ \3 ± 11 . 
2ay H a x 


dy 

dx El I 2 


-P [ 1 2 / \2 1/ 1 1 2 

— -x + {x - a) {x-2 a) +—a 


12 
11 
12 1 
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y 

I s B 

i 

M 0 

1 1 

PROBLEM 9.40 

L x For the beam and loading shown, determine ( a ) the deflection 

end A, (b) the deflection at point C, (c) the slope at end D. 

C 

u 

^ C 

J 



n cl > 
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PROBLEM 9.41 

For the beam and loading shown, determine ( a ) the equation of the 
elastic curve, (b) the deflection at the midpoint C. 
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PROBLEM 9.42 

For the beam and loading shown, determine (a) the equation of the elastic 
curve, ( b ) the deflection at the midpoint C. 
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y 

A B 



U L/2 

L/2 — - 


PROBLEM 9.43 

For the beam and loading shown, determine ( a ) the equation of the 
elastic curve, ( b ) the deflection at point B , (c) the deflection at point C. 
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PROBLEM 9.45 

For the timber beam and loading shown, determine (a) the slope at 
end A, (b) the deflection at the midpoint C. Use E = 12 GPa. 


SOLUTION 

Units: Forces in kN, lengths in meters. 


A 6 


t . 


D 

Zo 


I = ^(50)(150) 3 

= 14.0625 xlO 6 mm 4 
= 14.0625 xl0“ 6 m 4 
El = (12 x 10 9 )(14.0625 x 10“ 6 ) 

= 168.75 xl0 3 N-m 2 
= 168.75 kN • m 2 

+)M d = 0: -2 R a + (1.5X4) + (0.5)(5) = 0 


w(x) = 5(x - 1)° kN • m 

dV o 

= —w = -5(x - 1) 

dx 

dM T , 


El 


= V = -5(x - l) 1 + 4.25 - 4(x - 0.5>° 

= M = --(x - 1> 2 + 4.25x - 4{x - 0.5) 1 


El 


dx 
d 2 y 

dx 1 2 

= --<JC - l) 3 + 2. 1 25 jc 2 - 2{x - 0.5) 2 + C, 
dx 6 

S 9 1 2 

Ely = <jc - l) 4 + — r* - -<jc - 0.5) 3 + C,x + C 2 

24 3 3 12 


R a = 4.25 kN 
kNm 

kN/m 


kN 

kN-m 

kN-m 2 

kN-m 3 


[x = 0, y = 0] -0 + 0 - 0 + 0 + C 2 = 0 


C 2 = 0 


[x = 2 m, v = 0] - 


(i) 4 + 


2.125 'l 

3 J 


( 2 ) 3 - 


(1.5) 3 + 2C, = 0 


C, 


-1.60417 kN-m 2 
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SOLUTION 


Units : Forces in lbs; lengths in inches. 

i rn 

= 0.625 in. 

7 = -c 4 =-(0.625)4 
4 4 

= 1 19.84 xl0“ 3 in 4 
£7 = (29 x 1 0 6 )(1 1 9.84 x 1 0 -3 ) 

= 3.4754 xlO 6 lb -in 2 
Use entire beam ABCD as free body. 

+)IM D =0: - 4M a + (16X160) + (8)(200) = 0 

w(x) = I0(x - 24)° - 1 0(x - 40) 0 lb/in. 

^- = -w = -10(x-24)° + 10(x-40)° lb/in. 
dx 

— = V = -10<x - 24) 1 + 10(x - 40) 1 + 86.667 - 200<x - 40)° 
dx 



R a = 86.667 lbt 


lb in. 


EI^-X = M = -5<x - 24) 2 + 5(x - 40) 2 + 86.667x - 200(x - 40) 1 lb • in. 

dx 

El < ^ = --{ x - 24) 3 +— (x-40) 3 +43.333x 2 -100<x-40) 2 +C t lb -in 2 

dx 3 3 

Ely = ~{x - 24> 4 + ^-(x - 40) 4 + 14.4444x 3 - ^<x - 40) 3 + C,x + C 2 lb • in 3 
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PROBLEM 9.46 (Continued) 


[x — 0, jp - 0] —0 + 0 + 0 + 0 + C*2 — 0 C*2 — 0 


(a) Slope at end .4 . 


( 


El 


dy 


\dXy A 


f c \ 


[x = 48, y = 0] 


_5_ 

V 12 y 

100 




12 


(24) + — (8) + (14.4444)(48) 


(8) 3 +48Q =0 


dy 


K dx 

“0 + 0 + 0 + 


at x = 0 


dy 

\dx 


Ci 


-30.08x10 


( b ) Deflection at point B . 


A El 3.4754 xlO 6 

(y at x = 24 in.) 


-8.66x10" 


Cj =-30.08xl0 3 lb-in 2 


6 . = 8.66 xlO" 3 rad ◄ 


EIy B = -0 + 0 + (14.4444)(24) 3 - 0 + (-30.08 xl0 3 )(24) 
= -522.24 xl0 3 lb- in 3 


-522.24 xlO 3 
3.4754 xlO 6 


= -0.1503 in. 


y B = 0.1503 in.i A 
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3 kips/ft 











&= 

— 5ft — 

C 

— 5 ft — 

r 20 kips 

— 6 ft — ► 


W16 X 57 


PROBLEM 9.47 


For the beam and loading shown, determine (a) the slope at 
end A, (b) the deflection at the point C. Use £ = 29 x 10 6 psi. 


SOLUTION 


B 


3 ki'ps/f tr 




£ Sit -2j«- 6 ft 


Units: Forces in kips, lengths in feet. 

£ = 29 x 10 3 ksi, 7 = 758 in 4 

El = (29 x 10 3 )(758) = 21.982 x 10 6 kip • in 2 


Xo K/ps 


R 

-D 


152,650 kip -fU 

+)l ]M d = 0: (20)(6) + (3xl 1)(5.5) - 7^(16) = 0 R A = 18.844 kips t 

Express the loading as a singularity function. 
w(x) = 3(x - 5)° 

V(x) = R A -fwdx- 20(x - 10)° = 18.844 - 3(x - 5) 1 - 20(x - 10)° 

d 2 y 


El 


dx 1 

dy 


M(x) = 18.844x - 1.5(jc - 5) - 20(x - 10} 


EI~ = 9.422x 2 - 0.5 (x - 5) - 10(x - 10) + C, 

Ely = 3.141x 3 - 0.125(x - 5) 4 - 3.333(x - 10} 3 + C,x + C 2 

Boundary conditions : 

[x = 0, y = 0]: C 2 = 0 

[x = 16, y = 0]: 3.141(16) 3 - (0.125)(1 1) 4 - (3.3333)(6) 3 + 1 6C, =0 C, = -644.7 kip • ft 2 
£7^ = 9.442x 2 - 0.5 (x - 5) 3 - 10(x - 10} 2 - 644.7 


Ely = 3.141x 3 - 0.125(x - 5) 4 - 3.333(x - 10) 3 - 644.7x 
( a ) Slope at .4 . 


E a , I = 


dx 


152,650(9^ = 0 + 0 + 0 - 644.7 0 A = -4.22 x 10“ 3 rad 


0, = 4.22 x 10“ 3 rad ^ ◄ 


(, b ) Deflection at C . [y at x = 10ft) 

152,650^ = (3.14 1)(1 0) 3 - (0.125)(5) 4 + 0 - (644.7)(10) = - 3384 

y c = -0.02217 ft y c = 0.266 in. f ◄ 
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PROBLEM 9.49 

For the beam and loading shown, determine (a) the reaction at the 
roller support, ( b ) the deflection at point C. 


[x = 0, y = 0] 

dy 
dx 


* = o,ifc = o 


[x = L, y = 0] 
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PROBLEM 9.50 

For the beam and loading shown, determine (a) the reaction at 
the roller support, ( b ) the deflection at point C. 


[x = 0 , y = 0] 


x = L, 



dx 


[x = L, y = 0] 
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PROBLEM 9.50 (Continued) 


Elastic curve. 


y = 


M q \ 9 3 
— —<—x 
EIL 8 



(b) Deflection at point C . 


y 


A 

atx = — 

2 J 


7 c 


M, 


o ll 


EIL 1 


f i \ t n \f j 

- -0 


v6y 


9 


— L 2 
16 


\2 J 


M A 

128 El 


128 El 
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PROBLEM 9.51 

For the beam and loading shown, determine (a) the reaction at the roller 
support, ( b ) the deflection at point B. 
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PROBLEM 9.52 

For the beam and loading shown, determine {a) the reaction at the roller 
support, ( b ) the deflection at point B. 
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| 14 kN/m 


5 m - 


[ x = o, y = 0] 

* = 0 ,^ = 0 

dx 


PROBLEM 9.53 


For the beam and loading shown, determine ( a ) the reaction at 
W 410 x 60 point C, ( b ) the deflection at point B. Use E = 200 GPa. 


-3m- 
[x = 8 , y = 0 ] 


SOLUTION 



W | 7 ° 


Units: Forces in kN; lengths in m. 

Cl ^ 


+tl \F y = 0: R a -70 + R c = 0 


s. 


R a = 70- R c kN 


+)M a =0: - M A - (70X2.5) + 8R C = 0 


M a = 8 R c - 175 kN • m 


Reactions are statically indeterminate. 


w(x) = 14 - 14<x - 5)° 

— = -w = -14 + I4(x - 5)° 

dx 


kN/m 

kN/m 


— = V = R a - Ux + \4(x - 5) 1 
dx 


kN 


El^r = M = M A +R A x- lx 2 + l{x - 5) 2 
dx z 


kN-m 


ElE = M A x + -R A x 2 - -x 3 + -(x - 5> 3 + C, 
dx A 2 A 3 3 1 


kN • m z 


Ely = —M a x 2 + -R A x 3 - —x 4 + —{x - 5> 4 + Qx + C 2 
2 6 12 12 


kN-m 


3 


* = 0 ,^ = 0 

dx 

[x = 0 , y = 0 ] 


0 + 0 + 0 + 0 + C i — 0 


0 + 0 + 0 + 0 + 0 + Cj — o 


C, = 0 


C 2 = 0 


[X = 8, y = 0] ^(8) 2 + U^(8) 3 - -^-(8) 4 + -^-(3) 4 +0 + 0 = 0 

2 6 12 12 
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A B 


r j j 


0.5 m 0.5 m 0.5 m 0.5 m 


PROBLEM 9.54 

For the beam shown and knowing that P = 40 kN, determine 
W200 x 46.1 ( a ) the reaction at point E, (b) the deflection at point C. Use 

E = 200 GPa. 


SOLUTION 


l A + 

N 

N 

r r 

m 




0.5 m 

0.5 m 

0.5 m 

0.5 m 


X 

W200 X 46.1 










4o 

40 

“i 

A ft' 

: 



L, 


R. 


Units : Forces in kN; lengths in m. 

+j = 0: r a ~ 40 - 40 - 40 + R E = 0 


R a = 120 - R e kN 


+)M a = 0: —M a - 20 - 40 - 60 + 2R B = 0 

kN-m 


M a = 2 R e - 120 


Reactions are statically indeterminate. 


dM 

dx 

/2, 


= V = R A - 40 (x - 0.5)° - 40 (x - l)° - 40 (x - 1.5)° 


EI^jt = M = M a + R a x- 40 (x - 0.5) 1 - 40(x - l) 1 - 40(x - 1.5} 1 
Elf = M a x + ^R a x 2 - 20(x - 0.5) 2 - 20 (x - l) 2 - 20(x - 1.5) 2 + C, 


dy 


Ely =—M a x 2 + -R a x 

2 6 3 


2 1 n 3 20 / n cU 20 / 20 / i cU 

(x - 0.5 ) (x - 1) (x-1.5) + C x x + C 2 


[x = 0,^ = 0] 

dx 

[x = 0, y = 0] 


0 + 0 + 0 + 0 + 0 + C x — 0 


0 + 0 + 0 + 0 + 0 + 0 + c*2 — 0 


Q = 0 


C 2 =0 


1 . - , 1 n /o \3 20 3 20 3 20 3 


[* = 2, y = 0] -M a (2Y + —R a ( 2) - -—(1.5) - — (If - -——(0.5) +0 + 0 = 0 

2 6 3 3 3 


(a) Reaction at E . 

1 


~(2R e - 120)(2) 2 + hi 20 - R E )( 2) 3 = 30 
2 6 


2.66667 R e = 30 + 240 - 160 = 1 10 


i?, = 41.25 kN t ◄ 


M A = (2X41.25) - 120 = -37.5 kN • m 
7? . = 120 - 41.25 = 78.25 kN 
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9 kips/ft 

Ar 

PROBLEM 9.55 

For the beam and loading shown, determine ( a ) the reaction at 

-r- C 

6 ft * 

B 

6ft 

W12 x 22 P°i nt (b) deflection at point C. Use E = 29 x 10 6 psi. 


SOLUTION 


Units: Forces in kips, lengths in ft. 



Ely = -R a x 3 - 0.0125x 5 + 0.375<x - 6) 4 + 0.0125<x - 6> 5 + C x x + C 2 
6 

[x = 0, y — 0] 0 + 0 + 0 + 0 + 0 + C 2 — 0 


kip • ft 2 


kip • ft 3 


C 2 = 0 


12,— = 0 

dx 


^{R a ){ 12) 2 - (0.0625)(12) 4 + (1.5)(6) 3 + (0.0625)(6) 4 + C, = 0 


C, = 891 - 12R a =0 kip • ft 2 

[x = 12, y = 0] -R a {12) 3 - (0.0125)(12) 5 + (0.375)(6) 4 + (0.0125)(6) 5 
6 

+ (891-72f^)(l 2) + 0 = 0 

(864-288)^ = 8164.8 

R a = 14.175 kips R a = 14.18 kips t ◄ 

Cj = 891 -(72X14.175) 

= -129.6 kip • ft 2 


Data: E = 29 x 10 6 psi = 29 x 10 3 ksi 

/ = 156 in 4 

El = (29 x 10 3 )(156) = 4.524 x 10 6 kip • in 2 = 31,417 kip • ft 2 
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w = 4.5 kips/ft 

I 


D 


2.5 ft 


2.5 ft 1 2.5 ft 


W14 X 22 


PROBLEM 9.56 


For the beam and loading shown, determine (a) the reaction at 
point A, (b) the deflection at point C. Use E = 29 x 10 6 psi. 


2.5 ft 


SOLUTION 


u ■ = 4.5 kips/ft 


FTTT 


D E 


2.5 ft 


2.5 ft 1 2.5 ft 


2.5 ft 


W14 X 22 


Units : Forces in kips, lengths in ft. 

w(x) = 4.5(x - 2.5)° - 4.5(x - 7.5)° 

— = -w(x) = -4.5(x - 2.5)° + 4.5(x - 7.5)° kip 2 /ft 
dx 


[x = 0, y - 0] \x = 10, y = 0 ] 
[jc = 0, M = 0] 


dM 

dx 


V = R A - 4.5(x - 2.5) 1 + 4.5<x - 7.5) 1 kips 


x = 1 0, — ^— = 0 


dx 


El 


d 2 y 


= M = R a x - 2.25(x - 2.5> 2 + 2.25(x - 7.5) 2 


dx 2 


dy 1 2 2.25 . . 3 2.25 . .3 

El — = —R a x 2 (x - 2.5) 3 h (x - 7.5 / + C x 

dx 2 3 3 

Ely = -R a jc 3 - - 2. 5) 4 + ^-(x - 2.5> 4 + C,x + C 2 

6 12 12 


[x — 0, — 0] 0 + 0 + 0 + 0 + c*2 — 0 

dy_ 

dx 


* = 10 , ^ = 0 


— ffj(lO) 2 -^-(7.5) J +^^<2.5> 3 + C, = 0 
2 ^ 12 12 1 


Data: 


Cj = 304.69 - 50 R a 

[x = 10,y = 0] ^R a ( 10) 3 - — 7^— (7.5) 4 + ^(2.5) 4 + (304.69 - 50^)(10) + 0 = 0 
6 12 12 

^500 - = 24,609 R a = 7.3833 

V 6 ) 

C, = 304.69 - (50)(7.3833) = -64.45 kip • ft 2 
E = 29 x 10 6 psi = 29 x 10 3 ksi, I = 199 in 4 
El = (29 x 1 0 3 )(1 99) = 5.771 x 10 6 kip • in 2 = 40,076 kip • ft 2 


kip • ft 
kip • ft 2 
kip • ft 3 


C 2 = 0 


kip • ft 2 


R a = 7.38 kips t ◄ 


(b) Deflection at C . (y at x = 5 ft) 


EIy c = — (7.3833)(5) 3 - ^-(2.5) 4 + 0 - (64.45X5) + 0 = -175.76 kip • ft 2 
6 12 


.Fc 


175.76 

40.076 


-4.3856 xlO“ 3 ft 


yc 


0.0526 in. I ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1462 


A 






D B 



2 a 

-< 2 a 


PROBLEM 9.57 

For the beam and loading shown, determine (a) the reaction at point A, 
( b ) the deflection at point D. 


SOLUTION 



[x = 0, y = 0] [x = 5a , y = 0] 


w(x) = w(x - a) 0 - w(x - 3a ) 0 

= -w(x) = -w{x - a) 0 + w{x - 3a ) 0 
dx 

dM 

dx 

d 2 y 


R a - w(x - a} 1 + - 3a) 1 


El — — y- = M = M a + R a x - —w(x - a) 2 + — w(x - 3a) 2 
dx 2 2 


1 

X 

II 

O 

w 

II 

O 

i 


- dy 

x = 5a, — = 0 

dx 


dx 


El — - M a x + —R a x 2 - —w(x - a ) 3 + — w(x - 3a) 3 + Q 
dx 2 6 6 


1 


1 


Ely = —M a x z + —RaX 3 — — w(x - a) 4 + — (jc - 3a) 4 + Ci + C 7 
2 6 ^ 24 24 1 2 


* = 0,^ = 0 

dx 


0 + 0 + 0 + 0 + q= 0 


[x — 0, y — 0] 0+0+0+0+0+ Cj — 0 

dy_ 
dx 


C, = 0 


C 2 =0 


x = 5a, — = 0 


M A {5 a) + -R A (5a) 2 - -w(4a) 3 + -w(2a) 3 + 0 = 0 
2 6 6 


5 M A a + 12.5i^a 2 = 9.3333 wa 3 

[x = 5a,y = 0] ^-M„(5a) 2 + ^R A (5a) 3 - ^w(4a) 4 + ^-(2a) 4 + 0 + 0 = 0 
12.5 M A a 2 + 20.8333^a 3 = 10wa 4 


( 1 ) 


( 2 ) 


Solving (1) and (2) simultaneously, 

( b ) Deflection at D . (y at x = 3a) 

7, = 2-fi 


M A = -1.3333 wa 2 < 
R a = 1.280wa t ◄ 


d - + + 0 + 0 + 0 


yi _ 1 
24 


—(—1.3333) + -(1.28V27) - —(16) 
2 6 24 


wa 


El 


-0.907 


wa 

~E1 


y D = 0.907—— f ◄ 
El 
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1 

p 


PROBLEM 9.58 


A B } 

f C D 

• 

For the beam and loading shown, determine ( a ) the reaction at point A, 





(b) the deflection at midpoint C. 


— L/3 — 





L/2- 


L/2 



SOLUTION 




EI 


Ly 

dx 2 


M = M A + R a x - P( x 


EI— = M A x + —R a x 2 - —P[x - — ) + C, 
dx 2 2 \ 3 


Ely = -M a x 2 + -R a x 3 - -P[x - — 
2 6 6 \ 3 


x - 

-- o, 

dy 

= 0 

o + o - o + q = 

= 0 




dx 





[X-- 

= 0, 

y = 

0] 

0 + 0 — 0 + c*2 

= 0 


x - 

= L, 

dy_ 

= 0 

m a l + -r a l 2 

-ip 

f 2Z 1 



dx 


A 2 A 

2 

l 3 J 


1 J2L 


[x = L,y = 0] —M a L + -R a P - -P — 


2 6 

(a) Solving Eqs. (1) and (2) simultaneously, 


6 


^ l P 

Ac si 

Mp 


r 

R 

Rp 

c 2 



.-. Cj = 0 


o 

II 

d 4 

= 0 

(1) 

5 

= 0 

(2) 


Ra = —P 
A 27 


M a = PL 

A 27 


Elastic curve. 


P 

y ~~EI 


-A Ljc2 + 10,3 _i/ _l 
27 81 6 \ 3 


(. b ) Deflection at midpoint C . 


L 

y at x = — 
2 


r a = — p t ◄ 


27 


M a = —PL 

A 2y 






_p_ 

~E1 


' L ^ 


27 


+ ■ 


10 (L' 


81 


'IP 


5 PE 
1296 EI 


yc 


5 PL 
1296£7 


I ◄ 
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PROBLEM 9.59 

For the beam and loading of Prob. 9.45, determine the magnitude 
and location of the largest downward deflection. 


SOLUTION 

See solution to Prob.9.45 for the derivation of the equations used in the following: 


El = 168.75 kN • m 2 


c, 


-1.60417 kN • m 2 


C 2 =0 


EI&- = --(x - l) 3 + 2.125v 2 - 2(x - 0.5) 2 + C, 
dx 6 


? 1 2 

Ely = ~{x - l) 4 + ac 3 - -<x - 0.5) 2 + C x x + C 2 


24 


Compute slope at C. 


dy 

— at x = 1 in. 

dx 


kN • nr 


kN • nr 


El 


dy_ 

dx 


0 + (2. 125)(1) 2 - 2(0.5) 2 - 1.60417 = 20.83 x 10 


.-3 


kN-m 2 


Since the slope at C is positive, the largest deflection occurs in portion BC , where 

El— = 2.125x 2 - 2(x - 0.5) 2 - 1.60417 
dx 

2 i 2 

Ely = a; 3 - -{x - 0.5) 3 - 1.60417a: 

To find the location of the largest downward deflection, set — = 0. 

dx 


2.125 x 2 - 2(x 2 - x m + 0.25) - 1.60417 = 0.125x 2 + 2x m - 2.10417 = 0 


Solve by iteration. 


x = 1.0521 -0.0625x 2 


1, 0.989, 0.991, 


0.991 m A 


Efy m = 


2.125') 

3 J 


(0.99 1) 3 - |(0.991 - 0.5) 3 - (1.60417X0.991) 


y m = — 


-0.97927 kN • m 
0.97927 


3 


168.75 


= -5.80 x 10 -3 m 


y m = 5.80 mm i -4 
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SOLUTION 

See solution to Prob. 9.46 for the derivation of equations used in the following: 

El = 3.4754 x 10 6 lb • in 2 

Cj = -30.08 xlO 3 lb -in 2 , C 2 = 0 

El— = --{x - 24) 3 + -<jc - 40) 3 + 43.333x 2 - 100<x - 40) 2 + C, lb • in 2 

dx 3 3 

Ely = ~(x - 24) 4 + ^<; x - 40) 4 + 14.4444x 3 - ^<x - 40) 3 + C)x + C 2 lb • in 3 

To find location of maximum [y|, set — = 0. 

dx 

Assume 24 < x m < 40. 

E jdy = — — (x - 24) 3 + 0 + 43.3 3 3 3x 2 - 0 - 30.08 x 10 3 = 0 
dx 3 m 

f = -|(jc m - 24) 3 + 43.3333x 2 - 30.08 x 10 3 

= -5(x m - 24) 2 + 86.667x 
dx m 

Solve by iteration: x m = 24 26.46 26.35 

/ = -5.12 x 10 3 249 -14 

dftdx = 2.08 x 10 3 2.26 x 10 3 

x m = 26.4 in. ◄ 

EIy m = -^(26.35 - 24) 4 + 0 + (14.4444)(26.35) 3 - (30.08 x 10 3 )(26.35) 

= -528.35 xlO 3 lb -in 3 

= -528.35 x 10 = _ 0 1520in y = 0.1520 in. I ◄ 

3.4754 x 10 6 
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3 kips/ft 


-5ft- 


-5ft- 


i 


D 


20 kips 

— 6ft- 


W16 X 57 


PROBLEM 9.61 

For the beam and loading of Prob. 9.47, determine the magnitude 
and location of the largest downward deflection. 


SOLUTION 


See solution to Prob. 9.47 for the derivation of following: 

EI = 152,650 kip -ft 2 

EI^- = 9.422 x 2 - 0.5 (x - 5) 3 - 10 (x - 10) 2 


644.7 

3 


kip • ft 2 


Ely = 3.141x 3 - 0.125(x - 5) - 3.333(x - 10) - 644.7x kip • ft 
dy 


To find the location of maximum \y \ , set — = 0. 

dx 


Assume 5 < x < 10. 


Solve Eq. (1) by iteration: 


EI— = 9.422x 2 - 0.5(x - 5) 3 - 644.7 = /(x) = 0 
dx 

= 18.844x - 1.5(x - 5) 2 

dx 


*<+i = - ' 


/ 


df / dx 


(i) 


X = 9 

/ = 86.48 
df/dx = 145.6 


8.406 

8.397 

x m = 8.40 ft A 

1.310 

0.0415 


141.0 




EIy m = (3.141)(8.397) 3 - (0.125)(8.397 - 5) 4 - (644.7)(8.397) = -3570.5 kip • ft 3 


152,650^ m = -3570.5 


-0.02339 ft 


0.281 in. i ◄ 
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SOLUTION 

See solution to Prob. 9.48 for the derivation of the equations used in the following: 

El = 1024 kN • m 2 

El— = \2x 2 - 8v 3 + 2x 4 - 2(x - l) 4 - 4(x - l) 2 - — kN • m 2 
dx 15 

Ely = 4x 3 - 2x 4 + —x 5 - —(x - l) 5 - —(x - l) 3 - — x kN • m 3 

5 5 3 15 


To find location of maximum \y \ , set — = 0. Assume 0 < x< 1 m. 

dx 


EI — = 12x 2 -8x 3 + 2x 4 -— = 0 


Solving: 


dx 

x = 0.94166 m 


15 


x m = 0.942 m A 


2 gi 

EIy m = 4(0.94 166) 3 - 2(0.94166) 4 + -(0.94166) 5 - —(0.94166) 


15 


y m 


= -3.1469 kN-m 3 
3.1469 


1024 


3.0731 xl0“ 3 m 


y m 


3.07 mm i A 
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0.5 m 0.3 m 0.3 m 0.5 m 



PROBLEM 9.63 

The rigid bars BF and DH are welded to the rolled-steel 
beam AE as shown. Determine for the loading shown 
(a) the deflection at point B , (b) the deflection at 
midpoint C of the beam. Use E = 200 GPa. 
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SOLUTION 


Units : Forces in kN; lengths in meters. 

+)M b = 0: -4.8 R a + (30)(2.4)(3.6) 

+ (50X2.4) = 0 

R 4 = 79 kN T 

I = 212 x 10 6 mm 4 = 212xl0“ 6 m 4 
El = (200 x 10 9 )(212 x KT 6 ) = 42.4 x 10 6 N • m 2 
= 42,400 kN • m 2 

w(x) = 30 - 30<x - 2.4)° 

— = -w = -30 + 30(x - 2.4>° 

dx 


SoktJ/tv, So kN 

TTTTI I c < 

'l ti y Y Y) 




CoktO'W) 




kN/m 


— = V = 79 - 30x + 30(x - 2.4) 1 - 50<x - 3.6>° 
dx 


El 


d 2 y 

dx 


= M = 19x - 15x 2 + 15(x - 2.4) 2 - 50<x - 3.6) 1 - 60<x - 3.6)° 


£7 — = —x 2 - 5x 3 + 5(x - 2.4) 3 - 25(x - 3.6 > 2 - 60<x - 3.6) 1 + C x 
dx 2 

7 Q C C 

Ely = ~x 3 ~ ^x 4 + x - 2.4) 4 - -y(x - 3.6> 3 - 30<x - 3.6> 2 + C,x + C 2 


[x = 0, y = 0] 

[x = 4.8, y = 0] 


0 — 0 + 0 — 0 — 0 + 0 + c*2 — 0 


C 2 =0 


(4.8) 


79 + _ 3 5 ^ 


25 ^ 
3 


(4.8) 4 




v^v 


(2.4) 4 


(1.2) 3 - (30)(1.2) 2 + 4.8C, = 0 


j 


kN 


kN • m 


kN • m 2 


kN-m 3 


C, = -161.76 kN-m 2 
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PROBLEM 9.64 (Continued) 


(a) Slope at points . 


dy_ 

dx 


at x = 0 


El 


' dy_ 
dx 


0-0 + 0-0-0-161.76 
-161.76 kN-m 2 


(*) =^i^ = -3.82x10- 
V dx ) A 42,400 


0 A = 3.82 xio -3 rad. ^ ◄ 


(. b ) Deflection at midpoint C . ( v at x = 2.4) 


79 

EIy c = | — |(2.4) J - | ^ |(2.4) 4 + 0 - 0 - 0 - (161.76)(2.4) + 0 


-247.68 kN • nr 5 


-247.68 

42,400 


= -5.84 x 10 -3 m 


y c = 5.84 mm l- A 
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PROBLEM 9.65 

For the cantilever beam and loading shown, determine the slope and 
deflection at the free end. 


■L/2 


L/2 
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PROBLEM 9.66 

For the cantilever beam and loading shown, determine the slope and 
deflection at the end. 
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r 

I2P 

PROBLEM 9.67 


! 

For the cantilever beam and loading shown, determine the slope and 

A 

B C 

deflection at the free end. 

V L/2 — 

— 4 * L/2 
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PROBLEM 9.68 

For the cantilever beam and loading shown, determine the slope and 
deflection at the free end. 


SOLUTION 

Loading I : M A at A. Case 3 of appendix D. 


d' 

A EI 


, M A L l 

y A = — - — 

2EI 


c 




with 


M a - Pa 


O’a 


yx = 


PaL 

~EI 
Pa Z, 2 
2EI 


jt a, 


Loading II : P downward at B. Case 1 of appendix D applied to portion BC. 


AB remains straight. 


By superposition, 


0" B = 


PcL 

2EI 


yB = 


/V 

3EI 


Pc i 1 


e\ = o" B 

2 EI 

f A = y" B - (L - a)0" B 


PcP 
3 EI 


C L-a ) 


Per 

2EI 


Pa 1 L Pa 3 

• + ■ 


2EI 6EI 


= 9' + 9"a 


PaL Pa 
+ 


EI 2 EI 


Pa 

2£7 


(2 L - a) 


yA=yA+ yA 


PaL 2 Pa 2 L Pa 3 


2EI 2EI 6EI 

— (3 L 2 - 3aL + a 2 ) 
6 EI 


3 


Pa 

2EI 


(2 L - a) ^ ◄ 


Pa 

~6EI 


(3 L 2 - 3aL + a 2 ) f ◄ 
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J 

IM 

N 

p PROBLEM 9.69 

£ For the beam and loading shown, determine ( a ) the deflection at point C, ( b ) the 

it 



slope at end A 

LA 


SOLUTION 

Loading I : Load at B. Case 5 in Appendix D. 

L = 4 a, a = a, b = 3a, x = 2 a 

For x > a, replace x by L - x and interchange a and b in expression for elastic curve given. 


y 

yc 


Pa 

—l(L - x) 3 - (L 2 - a 2 )(L - x)] 
6EIL 

Pa 


6EI(4a) 


[( 2 a) 3 - ( 16 a 2 


a 2 )(2a)] 


11 Pa 3 

12 El 


o A = - 


P(3a)(16a 2 


9a 2 ) 


Loading II : Load at C. 


Loading III : Load at D. 


(a) Deflection at C . 


(b) Slope at A 


Pbjl - fr 2 ) 

6 EIL ~ 6 //(4a) 

Case 4 of Appendix D with L = 4a. 


7 Pa 


8 El 


yc 


o A = - 


PE 
48 El 
PL 2 


/’(4a) 3 

48/7 

P{4a) 2 


4 Pa 3 


3 El 
Pa 2 


\6EI 16 El 

Case 5 of Appendix D. 
L = 4a, a = 3a, 

Pb 


El 


2 a at point C. 


y c = 


6EIL 

Pa 

16 //(4a) 


[x J - (L 1 - /r )x] 


[(2a) 3 - (16a 2 - a 2 )(2a)] = - 


11 /V 

12 El 


Pb(J. ? - h 2 ) 

6EIL 


Pa(l6a 2 - a 2 ) 


5 Pa 2 


6£7(4a) 


8 El 


yc 


11 Pa 3 4 Pa 3 1 1 Pa 3 


12 El 3 El 12 El 


19 /V 
6 El 


e A = -1™ 

8/7 


Pa z 5 Pa 1 


El 8 El 


5 /V 
2 El 


y c = 


19 Pa 


3 


6 El 




5 Pa 1 
2 El 


■X ◄ 
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PROBLEM 9.70 

For the beam and loading shown, determine (a) the deflection at point C, 
(b) the slope at end ,4. 
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PROBLEM 9.71 

For the beam and loading shown, determine (a) the deflection at point C, 
( b ) the slope at end A. 


SOLUTION 


Loading I : Case 6 in Appendix D. 


y c = 


5 wI7 


; Qa=- 


1 wl? 


384 El 24 El 

Loading II : Case 7 of Appendix D. 

Note that center deflection is 


V - Ma 

'm 3 _ L2 

rA 

yc 6 EIL 

UJ z 

UJ_ 


1 MjL 
16 El 

e - M * L 

A 3EI 


with 


M , 


wL 


12 


Lc 


1 wZ 4 
192 El 1 * 


1 wE 


36 El 


(a) Deflection at C . 


y c = 


5 wL 4 1 wL 4 



w 


■3> 4iiUi|ilui 


M, 


c 




X - 
% 


D 


384 El 192 El 


( b ) Slope at 4 . 


=- 


1 vvZ 3 1 ii-Z 3 


24 El 36 El 


1 wL 3 
128 El 


1 wL 
72 El 


yc 


1 wL 4 

128 El 




0 a = 


1 wL 3 
72 El 
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A, B ! 

p PROBLEM 9.72 

L/3 — 

Cj 

— L/3— ► 

nor me oeam ana loaamg snown, aetermme ya) me aenection at point c, 
(. b ) the slope at end^4. 
p 

— L/3 — n 


SOLUTION 


Loading I : Downward load P at B. 

Use Case 5 of Appendix D with 


P = P, a=~, b = —, L = L, x = — 
3 3 3 


For x < a, given elastic curve is 


y 


Ph [x 3 - (Lr - b 2 )x] 


EIL 


To obtain elastic curve for x > a, replace x by L - x and interchange a and b to get 

y = 


— [{L - x) 3 - (E - a 2 )(L - x)] with x = — at point C. 
6EIL 3 


Tc 


P(L/ 3) 




6EIL 


Pb(E - b 2 ) 


E 


\ 2 \ 


1 PE 


486 El 


P(2L/3)[L 2 - (2L/3) 2 ] 


5 PE 


6EIL 


Loading II : Upward load at C. 


6EIL 81 El 

Use Case 5 of Appendix D with 


P = -P, a = b = —, L = L, x = a = — - 
3 3 3 


Tc = 


(-P)(2L/3) 2 (L/3) 2 


4 PE 


3 


o A = - 


3 EIL 243 El 

(-P)(L/3)(E - (A/3) 2 ) 4 PE 


6EIL 


81 El 


(a) Deflection at C . 


(b) Slope at A . 


yc 


e A 


7 PL 4 PE 
■ + ■ 


486 El 243 El 


5 PE 4 PE 
+ ■ 


81 El 81 El 


yc 


e A 


1 PE 
486 El 


t ◄ 


1 PE 
81 El 


^ ◄ 
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SOLUTION 


I 3 kN 


3 kN 


Units: 


Forces in kN; lengths in m. 


0.75 rn - 


1 

- 0.5 m — »-| 


S100X 11.5 


Loading I : Concentrated load at B . 

Case 1 of Appendix D applied to portion AB. 


# © 




y B 


o.?s- 


« -r 


PL 1 

2EI 

PL 3 

3EI 


(3)(0.75) 2 

2EI 

(3)(0.75) 3 


3EI 

Portion BC remains straight. 

0.84375 

~ IT 

y' c = y' B ~ ( 0.5 )ff B 


0.84375 

El 

0.421875 

~E1 


6 


0.84375 

El 


Loading II : Concentrated load at C . Case 1 of Appendix D. 


0"a = 


yA = 


By superposition, 
Data : 

Slope at C . 
Deflection at C. 


1 

<N . 

B2 

1 

(3)(1.25) 2 

2.34375 

2EI 

2EI 

El 

i 

1 

(3)(1 ,25) 3 

1.953125 

3EI 

3EI 

El 

O'a + 0" A 

3.1875 



y A = y A + y A 


2.796875 

El 


E = 200 x 10 9 Pa, I = 2.52 x 10 6 mm 4 = 2.52 x 10" 6 m 4 
El = (200 x 10 4 )(2.52 x 10" 6 ) = 504 x 10 3 N • m 2 = 504 kN • m 2 
3.1875 


6 C - 


Lc _ 


504 
2.796875 


504 


= -6.32 x 10“ 3 rad 
= -5.55 x 10“ 3 m 


6 C = 6.32 x 10 _3 rad"^T M 


y c = 5.55 mm i -4 
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SOLUTION 



I 

S100X 11.5 



Units : Forces in kN; lengths in m. 

The slope and deflection at B depend only on the 
deformation of portion AB. 

Reduce the force at C to an equivalent force-couple system 
at B and add the force already at B to obtain the loadings I 
and II shown. 

Loading I : Case 1 of Appendix D. 

Pi L 2 _ (6)(0.75) 2 _ 1.6875 

2EI ~ 2EI ~ El 
PL 3 _ (6)(0.75) 3 _ 0.84375 

3EI ~ 3£7 ~~ £7 



Loading II : Case 3 of Appendix D. 


By superposition, 


Data: 


Slope at B . 


Deflection at B. 


ML _ (1.5)(0.75) _ 1.125 

El El El 

M? - (l-5)(0.75) 2 _ 0.421875 
~2EI ~ ~EI ~~ ~EI 


yB 


0' B + 0" B = - 

y's + y's = - 


2,8125 

El 

1.265625 

El 


E = 200 x 10 9 Pa, I = 2.52 x 10 6 mm 4 = 2.52 x 10" 6 m 4 
El = (200 x 10 9 )(2.52 x 10“ 6 ) = 504 x 10 3 N • m 2 = 504 kN • m 2 


= _2M25 = _ 5 ^ 8 x 10 - 3 rad 


y B 


504 

1.265625 

504 


-2.51 x 10 _3 m 


6 B = 5.58 xl0“ 3 rad 

y B = 2.51 mm ^ M 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1482 


1 kip 

yf B 


- — 2 ft 


1 kip/ft 



PROBLEM 9.75 



T 

4.0 in. 


For the cantilever beam and loading shown, determine the 
slope and deflection at end A. Use E = 29 x 10 6 psi. 


SOLUTION 




c - 


Units : Forces in kips; lengths in ft. 

Loading I : Concentrated load at A . 

Case 1 of Appendix D. 


3 

* > 


( 

La 

' 

f ' 

.1 




°'a = 


y A 


PU_ 

2 El ' 

Pi] 


q)(5r 

2EI 


12.5 

El 


d )( 5) 3 


41.667 


O'b 

>’"b 


wL 


3EI 3EI El 

Loading II : Uniformly distributed load over portion BC. 

Case 2 of Appendix D applied to portion BC. 

( 1 )( 3) 3 


6EI 6EI 


4.5 

El 


wI7 


SEI 


( 1 )( 3) 4 

SEI 


10.125 

El 


0'b = 


Portion AB remains straight. 0" A 

/a = /b 


4.5 

El 


ad” B 


10.125 

El 


( 2 ) 


a 4.5 a 

El 


19.125 

El 


By superposition, 


Data: 


Oa 

y A 

E 

i 

EI 


12 5 45 17 

ff A + e" A = — + 


y A + y A 


EI EI EI 
41.667 19.125 


EI EI 
29xl0 6 psi = 29 x 10 3 ksi 

^(2.0)(4.0) 3 = 10.667 in 4 


60.792 

EI 


Slope at A . 
Deflection at A. 


e A = 


(29 x 10 3 )(1 0.667) = 309.33 x 10 3 kip • in 2 =2148 kip • ft 2 
17 ,-3 


2148 

60.792 


6 a = 7.91 x 10“ 3 rad ◄ 


y A = — 


2148 


= -28.30 x 10“ 3 ft 


y A 


= 0.340 in. i ◄ 
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1 kip 

" B 


- — 2 ft 


1 kip/ft 



2.0 in. 



T 

4.0 in. 


PROBLEM 9.76 

For the cantilever beam and loading shown, determine the 
slope and deflection at point B. Use E = 29 x 10 6 psi. 


SOLUTION 


CD 


B 


Units : Forces in kips; lengths in ft. 

Loading I : Concentrated load at A . 

Case 1 of Appendix D. 

y = - 3 ^' 2 ] 


dy 


6EI 

P 


[3x 2 - 6Lx] 


dx 6 El 

with P = 1 kip, £ = 5 ft, jc = 3 ft 


> 

1 > 

f ’ 

f " 

f > 

f ' 

r \ 

> « 


1 


B 


fs = ■t~-[(3) 3 - (3)(5)(3) 2 ] = 

6£7 El 


<fy_ | 

dx I 


1 [(3)(3) 2 - (6X5X3)] = 

El 


6EI 


Sfi — J 


Adjusting the sign, 0’ B = 


10.5 

El 


Loading II : Uniformly distributed load over portion BC. 

Case 2 of Appendix D applied to portion BC. 


y B 

By superposition, 


w£_ 
8 El 


(1)(3) 4 

8£7 


10.125 

£7 




w£ 3 _ (1)(3) 3 


6£7 


6£7 


4,5 

El 


e B = d' B + 0” B 


28.125 


10.5 4.5 15 , „ 18 10.125 

' V D V D “t“ Vo 

El El El B B B El El El 


Data: 


£ = 29 x 10 6 psi = 29 x 10 3 ksi 7 = ^-(2.0)(4.0) 3 


El = (29 x 10 3 )(1 0.667) = 309.33 x 10 3 kip • in 2 = 2148 kip • ft 


10.667 in 4 

2 
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PROBLEM 9.76 (Continued) 


Slone at B. = 6.98 x 10“ 3 

— B 2148 

28 1 25 

Deflection at B. = : = -13.09 x 10" 3 ft 

B 2148 


0 B = 6.98 xlO“ 3 rad 

y B = 0.1571 in. i ◄ 
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1 140 kN 

80 kN • m | 80 kN • m 



W410 X 46.1 


-2.5 m- 


- 2.5 m - 


PROBLEM 9.77 

For the beam and loading shown, determine (a) the slope at 
end A, ( b ) the deflection at point C. Use E = 200 GPa. 


SOLUTION 

Units : Forces in kN; lengths in m. 

Loading I : Moment at B. 

Case 7 of Appendix D. 


M = 80kN*m, L = 5.0 m, x = 2.5 m 


Loading II : 


Loading III : 


ML _ (80)(5.0) _ 66.667 


Lc 


6EI 

M 


6EI 

(r* - Lrx) = 


El 


80 


Moment at A. 


6EIL ' ' 6£7(5.0) 

Case 7 of Appendix D. 


[2.5 3 -(5.0) 2 (2.5)]~ 

El 


A7 = 80 kN • m, 1 = 5.0 m, x = 2.5 m 
ML (80)(5.0) 133.333 


0 A = 


= 


3 El 

125 

El 


3 El El 

(Same as loading I.) 


140 kN concentrated load at C. 


P = 140 kN 


Data: 


(a) Slope at A . 


(b) Deflection at C . 


o A =- 


y c = - 


PE_ 
16EI ' 
PL 3 
48 El 


(140)(5.0) 2 

16EI 

(140)(5.0) 3 

4SEI 


218.75 

El 

364.583 

El 


E = 200xl0 9 Pa, 7 = 156xl0 6 mm 4 =156xl0 _6 m 4 
El = (200 x 10 9 )(156 x 10“ 6 ) = 31.2 x 10 6 N • m 2 = 31,200 kN • m 2 


e A 


67.667 + 133.333-218.75 
31,200 


-0.601 xl0“ 3 rad 


125 + 125-364.583 , ^ in _ 3 

y r — = -3.67x10 m 

c 31,200 


e A =0.601x10 3 rad ◄ 
y c = 3.67 mml -4 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1486 


8 kN/m 

PROBLEM 9.78 




*<-1.3m^ 

[ i 

f 35 kN 

i< 2.6 m *- 

B For the beam and loading shown, determine ( a ) the slope at 

wseo x 39 en d (£) the deflection at point C. Use E = 200 GPa. 


SOLUTION 


Units : Forces in kN; lengths in m. 

Loading I : 8 kN/m uniformly distributed. 

Case 6: w = 8 kN/m, L = 3.9 m, x = 1.3 m 


o WLi (8)(3.9) 3 19 - 773 

A ~ 2AEI ~ 24 El ~ El 

y c = —[x 4 - 2 Lx 3 + L 3 x ] = — [(1.3) 4 - (2)(3.9)(1.3) 3 + (3.9) 3 (1.3)] 

24EI 24 El 

_ 20.945 

El 


Loading II : 35 kN concentrated load at C. Case 5 of Appendix D. 

P = 35 kN, L - 3.9 m, a - 1.3 m, b = 2.6 m, x = a = 1.3m 

Pbjfi - b 2 ) _ (35)(2,6)(3.9 2 - 2.6) 2 _ 32,861 

A ~ 6 EIL ~ 6£Y(3.9) ~ El 

- - (35)(1.3) 2 (2.6) 2 _ 34.176 

>C ~ 3 EIL ~ 3EK3.9) ~ El 

Data: E = 200 x 10 9 , / = 102 x 10 6 mm 4 = 102 x 10“ 6 m 4 

El = (200 x 1 0 9 )(1 02 x 10" 6 ) = 20.4 x 10 6 N • m 2 = 20,400 kN • m 2 

. 19.773 + 32.861 3 , 

fa) Slope at^. 0 A = = -2.58 x 10 3 rad 

— 20,400 


( b ) Deflection at C . 


9 a = 2.58 x 10 3 rad ^ ^ 


yc - 


20.934 + 34.176 
20,400 


= -2.70 x 10 -3 m 


y c = 2.70 mm i -4 
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PROBLEM 9.79 

For the uniform beam shown, determine ( a ) the reaction at A, ( b ) the 
reaction at B. 


SOLUTION 

Consider R B as redundant and replace loading system by I, II and III. 

Loading I : Case 1 of Appendix D applied to AB. 

, x R r L 3 

(ys)i - 

3EI 

Loading II : Case 1 applied to portion AC. 


(@c)n ~ 

( ych = ~ 


P{L! 3) 2 
2EI 
PjL/jf 
3EI 


1 PE 
18 El 
1 PE 
81 El 


Portion CB remains straight. 


2 L 


Cfs)// _ Oc)// + ^ (@c)n ~ 
Loading III : Case 1 applied to portion AD. 


4 PL 5 
81 El 


/ 

i- 


U 


i 


C 




© 


e> 




© 


o 


e 


(Pd) in ~ 


(y d) 


P(2L/3y 

2EI 

P(2L/: 3) 3 


Dim 


3EI 


2 PL 2 
9 El 
8 PZ? 
81 El 


Portion DB remains straight. 


L 14 PL 3 

Oc)/// - CFd)/// + —(@d)iii ~ ~ Q1 [7T 
3 81 El 


Superposition and constraint: 


ys ~ (Jb)i + (ys)n + CFs)/// - o 


M> 

c 


LJ 


IP 


- 


4 PL 14 PL 1 2 PL 


B ± 

81 El 81 El 3 El 


= 0 

9 El 


(b) R b = -P t ◄ 


Statics: 


+| I/y = 0: R a -P-P + ^P = 0 


(a) R A =-Pt< 




(tP 


f 2L 1 


(2 \ 

1 

0 

tv 

1 

'll 

-p 


+ 

-P 

(L) = 0 M A = —PL 

V 3 ) 


V 3 y 


1 3 J 

3 
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PROBLEM 9.80 

For the uniform beam shown, determine (a) the reaction at A, (b) the 
reaction at B. 


SOLUTION 


© 


R, 


8 




•L L -v Li * iT 


T/ 


Beam is indeterminate to first degree. Consider R A as 
redundant and replace the given loading by loadings I, II, 
and III. 

Loading I : Case 1 of Appendix D. 

, , R a l 3 

o^)/ = 

3EI 

Loading II : Case 2 of Appendix D. 


(y a) ii 


wL 

8EI 




) 



S 



A 


^ 1 


T 



HL\ 

in 


wLj 


wL 

2 


U — ? 


3 




Loading III : Case 2 of Appendix D (portion CB). 


( 0 c)lII = - 


M 'L/2y 

6EI 


( yc ) 


w(E/2) 4 


1 vvZ? 
1 wE 4 


III 


8EI 128 El 
Portion ,4 C remains straight. 

, . _ , . E _ 7 wE 4 

(y a) hi - (yc)m + , (&c)in - 1QA CT 
2 384 El 


Superposition and constraint: 


7a = (7a)/ + (7a)// + (7a)/// = 0 


(a) - 


l R,L 3 1 wL 4 7 wE 4 1 7? ,E 3 41 wL‘ 


+ ■ 


3 3 El 8 El 384 El 
Statics: 


3 El 384 El 


= 0 


(b) 


I 41 1 

MZF=0: wL--wL + R r = 0 


+)i :m b = 0: - 


128 
f 41 


Ra 


Rn 


128 


wL 


L - 


— wL 
2 


— | -M b = 0 


m k 


41 

' 128 

. 22. 

' 128 

— wL 2 J) ^ 
128 


wL T ^ 


wL T ^ 
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I 

r 


2F 

PROBLEM 9.81 

A 

b\ 

r c } 

\d 

E 


A 

For the uniform beam shown, determine the reaction at each of the three 






supports. 


^L/2+ 

+L/2+ 

+L/2-+ 

^L/2+ 



SOLUTION 

© 


u -4 C = ^ r 


Beam is indeterminate to first degree. Consider R c to be the 
redundant reaction, and replace the loading by loadings I, II, 
and III. 

Loading I : Case 4 of Appendix D. 


j 

f . 

: © 

i j 



Ji 


<ych-S&£ 


i R c l 


I* t> 


48 El 6 El 
Loading II : Case 5 of Appendix D. 

Pb 


(ych 



ZP 


6EI(2L) 

P(L/2) 


[. x 3 - {(2 L) 2 - b 2 }x] 


Z 3 -| 

\al 2 - 

Rl 

Izl 

L 1 

{ 

U J j 



a. 


% 


UEIL 


Loading III : Case 5 of Appendix D. 


11 PU 
48 El 


(yc)m - 2 (yc)n - 


11 PL 


3 


Superposition and constraint: 


y c = 


24 El 

(ych + (ych + (yc)m = o 


1 f? c L 3 11 pi} 11 Pi} 


1 Rcl} 1 1 Pi} 


6 El 48 El 24 El 

2P 


= 0 


J L_ 

d t,. I 


6 El 16 El 
Statics: +)'LM e = 0 : 

- R a (2L) + P 


32© 


f 33 ^ 

f L y \ 


— 


L + 2P)\ - 



L 16 ) 

\2) 


R = —p t ◄ 
16 


= 0 


R A =—Pt< 
A 32 


+\ I F v = 0: —P - P + —P -IP + R f = 0 
' y 32 16 E 


R = —P t ◄ 
32 
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PROBLEM 9.82 

For the uniform beam shown, determine the reaction at each of the three 
supports. 


SOLUTION 


Beam is statically indeterminate to first degree. Consider R B to be 
the redundant reaction, and replace the loading by loading I and II. 


Loading I : Case 5 of Appendix D. 



R B a 2 b 2 _ i? B (2L/3) 2 (X/3) 2 4 R B lf 

MIL ~ MIL ~ 243 El 


Loading II : Case 7 of Appendix D. 


0's)// - - 


M o 
MIL 


- (x 3 - L 2 x) = - 


MIL 



- L 2 



4 M 0 L 2 
81 El 


Superposition and constraint: 

yB - (ys)i + (fs)// = o 

4 R b E | 4 M { fi Q 

243 El 81 El 


Rb 


L 


Statics: 



+)l M c = 0: -R a L + M 0 + 3 • - = 0 

L 3 

+| LF = 0: 2 ^2- - 3^- + R = 0 
17 L L c 


R = 2 Mo ^ ^ 
Z, 

7? = t ◄ 
1 L 
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w 


A C, 








L/2 

B 

L/2 


PROBLEM 9.83 

For the beam shown, determine the reaction at B. 


SOLUTION 



Portion AC : Superposition of Cases 3 and 1 of Appendix D. 


Portion CB: 


yc 




M c (A/2) 2 V C (L! 2) 3 

2EI 

Mcsm) 


M c Lr V C L 1 


3 El 


8 El 2AEI 


McL 


V r t 


El 2 El 2 El 8 El 

Superposition of Cases 3,1, and 2 of Appendix D. 


yc 


M c (L/2) 2 V c (L/2y w(L/2f 


2EI 


3EI 


8 El 


M C L 


+ 


v c if 


8 El 24 El 


w£ 

128 El 

3 


e M c (L/2) V c (L/2Y | MLH) 


El 

McL 


2EI 


6EI 


v c v 


+ ■ 


wU 


2 El 8 El 48£7 


vB 


Matching expressions for y c , 

V C I? _ MJ?_ V C L 4 _ wL 4 
/■ $EI 24EI ~ /■ $EI + 24EI 128£7 

Matching expressions for 0 C , 

McL Vc^_ McL V_cj[_ wE 
2EI /El ~ 2 El /El + 48 El 



M c 


= — wL 2 
48 
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IV 

PROBLEM 9.84 

1 

For the beam shown, determine the reaction at B. 

\A B 

L 


SOLUTION 



Beam is second degree indeterminate. Choose R B and M B as 
redundant reactions. 

Loading I : Case 1 of Appendix D. 


(La)/ - 


m 

3 El 


(®b)i ~ 


ML 

2EI 


Loading II : Case 3 of Appendix D. 


(La)// 


M 

2EI 




ML 

El 


Loading III : Case 2 of Appendix D. 


(La)/// - 


wZ 4 
8 El 


(^a)/// _ 


wlf 

6EI 


Superposition and constraint: 


La — (La)i + (La)n + (La)m — 0 


iL L 2 

Rr 

3EI 2 El 


M b - 


8£7 


= 0 


( 1 ) 


@b ~ (^a)i + (^a)n + (^a)in — 


L z D L .. wL 

Rr M r 

2EI El 6EI 


0 


( 2 ) 


Solving Eqs. (1) and (2) simultaneously, 


R r = -wL t ◄ 
B 2 


M B = — wL 2 ) ◄ 
B 12 
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10 mm 

PROBLEM 9.85 

D £ M i 

Beam DE rests on the cantilever beam AC as shown. Knowing that 
a square rod of side 10 mm is used for each beam, determine the 

fe i 

J 10 mm 

c N f 

25 N -m 

deflection at end C if the 25-N • m couple is applied (a) to end E of 
the beam DE , ( b ) to end C of the beam ^4C. Use E = 200 GPa. 

120 mm 

180 mm 


SOLUTION 


E = 200 x 10 y Pa 

/ = — (10V10) 3 = 833.33 mm 4 = 833.33 x 10“ 12 m 4 
12 

El = 166.667 N • m 2 
( a ) Couple applied to beam DE. 

Free body DE. +)IM = 0: 0.180P-25 = 0 P = 138.889 N 
Loads on cantilever beam ABC are PT at point B and Pi at point C as shown. 
Due to PT at point P. 

Using portion AB and applying case 1 of Appendix D , 


^^(138.889X0.120^ 0 48q x iq-3 m 
* 1 3£/ (3X166.667) 




IP 






= 


PL Z 


( 138 . 889 X 0 . 120) 2 =6 _ 00x10 _ 3 


2EI (2X1 66.667) 

(>’c)l = + ^Bc(^b)i 

= 0.480 x 10“ 3 + (0.180X6.00 x 10“ 3 ) 

= 1.56 x 10 -3 m 

Due to load Pi at point C. Case 1 of App. D applied to ABC. 

. . PL 3 (138.889X0.120 + 0.180) 3 . n _ 3 

c 2 3 El (3X166.667) 

Total deflection at point C. y c = {y c \ + OvX = -5.94 x 10 -3 m 


|a. bJ 

f J 
1 1 

y\-0Xlo -i 

1 

k-o.18© —4 


(. b ) Couple applied to beam A C. 

Case 3 of Appendix D. 


y c = 


ML 1 


(25)(0.300) 2 . n _3 

= -6.75 x 10 m 


| 

A 


2 El (2)(1 66.667) 


O.2>0° 


y c = 5.94 mm i A 

C 

y c - 6.75 mm i M 
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20 kips 20 kips 


PROBLEM 9.86 


» 

c 

n 

Beam AD rests on beam EF as shown. Knowing that a W12 x 26 rolled- 

AJ 

|— = 

' rJ 



steel shape is used for each beam, determine for the loading shown the 





deflection at points B and C. Use E = 29 x 10 6 psi. 

™3ft^ 

-*-3ft — 

3 ft-*- 

^3ft+ 




SOLUTION 


E = 29 x 1 0 3 ksi 7 = 204 in 4 
El = (29 - 10 3 )(204) = 5.916 x 1 0 6 kip • in 2 
= 41,083 kip -ft 2 

For equilibrium of beam ABCD, R A = 20 kips 

Deflection at point A is due to bending of beam EAF. Using Case 5 of Appendix D 


y A 


Pa b 


2 l 2 


3 EIL 

Assuming that beam ABCD is rigid, 


(20)(3) 2 (9) 2 

(3)(£7)(12) 


405 

El 


ft 




6 

9 

3 


yA 


yc = -yA = 


270 

EI 

135 

EI 


ft 

ft 


77^7 


Additional deflection at B due to bending of beam ABCD. Using case 5, 


y' B =-^ + 


^[* 3 - (L 2 - b 2 )x\ 


3 EIL 6EIL 

(20)(3) 2 (6) 2 + (20)(3)[(3) 3 - (9 2 


3 2 )(3)] 


ft 


(3)(£/)(9) (6)(£/)(9) 

- _240 _ 210 _ 450 

EI EI EI 

Additional deflection at C due to bending of beam ABCD. 

450 


EI 


By symmetry, y" c = y" B = — ft 

Total deflection at B. 

y B — y' B + Ts 
Tc = Tc + y'c = - 


70 




LI 


6 




///" 


270 

450 _ 

720 _ 

720 

EI 

EI 

EI 

41,083 

135 

450 _ 

585 _ 

585 

EI 

EI 

EI 

41,083 


= -17.525 xlO' 3 ft 

y B = 0.210 in. 4- A 
= -14.239 xlO -3 ft 

y c = 0.1709 in. >i ◄ 
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PROBLEM 9.87 

The two beams shown have the same cross section and are 
joined by a hinge at C. For the loading shown, determine 
(a) the slope at point A, ( b ) the deflection at point B. Use 
E = 29xl0 6 psi. 


SOLUTION 


Using free body ABC , 

+)IM a = 0: 18i? c - (12)(800) = 0 R c = 533.33 lb 
E = 29xl0 6 psi 

/ = — M 3 = —(1.25)(1.25) 3 =0.20345 in 4 
12 12 

El = (29 x 10 6 )(0.20345) = 5.900 x 10 6 lb • in 2 


Using cantilever beam CD with load R c , 


Case 1 of Appendix D. 


y c 


R C L C d 

3EI 


(533.33)(12) 3 , 3 . 

— A = -52.067 x 10 3 in. 

(3)(5.900 xlO 6 ) 




i 


go oj/l 


C 


^7 


Calculation of 6\ and y' B assuming that point C does not move. 

Case 5 of Appendix D. 

P = 8001b, Z = 18in., a = 12 in., b = 6 in. 


0'a=~ 


yB 


Pbij} - 6 2 ) (800X6X1 8 2 - 6 2 ) 

6 EIL 
Pb 2 a 2 


(6X5.900 xl0 6 Xl 8) 


= -2.1695x10 3 rad 


(800)(6) 2 (12) 2 


3 EIL (3X5.900 xlO 6 XI 8) 
Additional slope and deflection due to movement of point C. 


= -13.017 xlO -3 in. 


0"a = 


yc 


-‘AC 


52.067x 10 
18" 


-3 


■ = -2.8926 xlO -3 rad 


yi = *y c = _ ( 12 )( 52 -0 67 x 10~ 3 ) = _ 34 yi 1 x 10 -3 in 
L 18 


0 A =6’ a +6” a =-2.1695 xl0“ 3 - 2.8926x10 


■3 


(a) Slope at A . 

0 b ) Deflection at B . y B = y’ B + y" B =-13.017xl0 -3 -34.711xl0“ 3 


9 a = 5.06 x 10 3 rad -4 
y B = 0.0477 in. X ◄ 
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x • x 

1 Hinge 

B C 

: d 

\ E 
Hinge 


12 mm 


24 mm 


PROBLEM 9.88 

A central beam BD is joined at hinges to two cantilever 
beams AB and DE. All beams have the cross section shown. 
For the loading shown, determine the largest w so that the 
deflection at C does not exceed 3 mm. Use E = 200 GPa. 


SOLUTION 

Let a = 0.4 m. 

Cantilever beams AB and CD. 

Cases 1 and 2 of Appendix D. y B = y D = — 


wfl 4 


11 Wfl 


3£7 8£7 24 El 

Beam i?CD, with L = 0.8 m, assuming that points 5 and D do not move. 
Case 6 of Appendix D. 


Tc ~ ' 


5 wI7 


384 El 

Additional deflection due to movement of points B and D. 


Total deflection at C. 


y c =yB= yD 

y c =yc + y'c 


11 w<f 

24 ^ 7 " 


w I 5Z, 4 1 la 4 


7c =“— 


- + - 


El 384 24 


Data: 


E = 200x10 Pa, 

I = ^( 24 )( 12 ) 3 =3.456x10 3 mm 4 = 3.456 xl0^ 9 m 4 
El = (200x 10 9 )(3.456 x 10~ 9 ) = 691.2 N • m 2 

->-3. 


y c =-3x10 m 
-3x10 3 


w J (5)(0.8) + (1 1)(0.4) 


691.2 384 


24 


-24.69 xl0" 6 w 


w = 121.5 N/m ◄ 
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SOLUTION 


Units : Forces in kips; lengths in ft. 

For beam ACB, using Case 4 of Appendix D: 


(Fc ) i - 


Rg ( 2a > 

48EI 


if 


A 


Rc 


For beam DCE , using Case 4 of Appendix D : 

(R c -P)(2bf 


(Fc) 2 - — 


48£7 


Matching deflections at C, 




i? c (2a) 3 _ Qgc -P)(2fe) 3 
48£7 48£7 

* _ P6 3 _ (6)(5) 3 


c - TUf - -^—z j ~ 3 - 968 ki P s 
df+Zr 4 J +5 J 

P — R c — 6 - 3.968 = 2.032 kips 


Using free body ACB, 

( a ) Reaction at B . 

Using free body DCE , 

(ft) Reaction at E . 


+*) M A = 0 : 2aR B - aR c = 0 


Rb ~ ^ 


+)M d = 0: 2bR E -b(P-R c ) = 0 
R E =l(P-R c ) 


(3 

—J/ 


A 






= 1.984 kips T ^ 


1.016 kips t ◄ 
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PROBLEM 9.90 




60 mm 


Before the load P was applied, a gap, S 0 = 0.5 mm, existed 
between the cantilever beam AC and the support at B. 
Knowing that E = 200 GPa, determine the magnitude of P 
for which the deflection at C is 1 mm. 


SOLUTION 



Let length AB = L = 0.5 m 
length BC = a = 0.2 m 
Consider portion AB of beam ABC. 


The loading becomes forces P and R B at B plus the couple Pa. 
The deflection at B is S 0 . Using Cases 1 and 3 of Appendix D, 


(P - R b )L 3 Pali 




3EI 


+ • 


2 El 


L 2 a] 


(L 

h 

3 2 

V J z ) 


p--r b =eis 0 


( 1 ) 


The deflection at C depends on the deformation of beam ABC 
subjected to loads P and R B . For loading I, using Case 1 of 
Appendix D, 


(*c)l 


P(L + a) 3 

3EI 


For loading II, using Case 1 of Appendix D, 


y B = 


3 EI 




ML 

2EI 


Portion BC remains straight. 

y c = y B + ad B = 


r L L 2 a ^ 
1 

v 3 2 , 


EI 


By superposition, the downward deflection at C is 


^c = 


P(L + af 
3EI 


f iL l}aL 

1 

3 2 

v J z J 


Rjl 

EI 


(L + a) 


P - 


— + ■ 
3 


zV 


R b = EIS C 


( 2 ) 
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D 



PROBLEM 9.91 

Knowing that the rod ABC and the wire BD are both made of steel, 
determine (a) the deflection at B , ( b ) the reaction at A. Use E = 200 GPa. 
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2 kips/ft 




W16 X 40 


PROBLEM 9.92 

Before the 2-kip/ft load is applied, a gap, S () = 0.8 in., exists 
between the W16x40 beam and the support at C. Knowing 
that E = 29 x 10 6 psi, determine the reaction at each support 
after the uniformly distributed load is applied. 


SOLUTION 


Data : S G = 0.8 in. = 66.667 x 10 3 ft 

7s = 29 x 10 6 psi = 29 x 10 3 ksi 
7 = 518 in 4 

EI = 15.022 xlO 6 kip -in 2 
= 104.3 19 xlO 3 kip -ft 2 
Loading I : Case 6 of Appendix D. 

, 5 wL 4 

y c — 

c 3847:7 

5(2)(24) 4 

384(104.3 19 xlO 3 ) 

= -82.823 xlO^ 3 ft 


Loading II : Case 4 of Appendix D. 


R c £ R c (24) 3 
c 48£7 48(104.3 19 xlO 3 ) 

= 2.7608 xlO" 3 7? c 


Deflection at C. 


yc=y'c + y'c= -<?o 



2 . 


y :: :l_ x 


R, 


\ < A * 

— \2H- 


'B 


-82.823 x 1 0“ 3 + 2.7608 x 1 0 -3 7? c = -66.667 x 1 0“ 3 

R c = 5.8519 kips R c = 5.85 kips T 4 

+) = 0 : (2)(24)(1 2) - R A (24) -(5.851 9)(1 2) = 0 

R a = 21.074 kips 7?^, = 21.1 kips t ◄ 

+ts7^ =0: 2 1.074 -2(24) + 5.85 19 + R B =0 

R b = 21.1 kips T ◄ 
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80 


PROBLEM 9.93 

A I -in. -diameter rod BC is attached to the lever AB and to 
the fixed support at C. Lever AB has a uniform cross 
section J- in. thick and 1 in. deep. For the loading shown, 
determine the deflection of point A. Use E = 29xl0 6 psi 
and G = 11.2xl0 6 psi. 
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SOLUTION 

Let 200 N = P. 

Consider torsion of rod AB. 




TL 1/7)/ 
1g~ JG 


y c — L<j) B — 


PL 
" JG 


PL 2 

-JG 


Consider bending of AB. (Case 1 of Appendix D. ) 


yc=y B =- 


Pl} 

3EI 


Consider bending of BC. (Case 1 of Appendix D .) 


Lc 


PE 

3EI 


Superposition: 


yc=y'c + y"c+y"c 

PL 5 Pi} PL 5 
JG 3EI 3EI 


Pi} f El 2^| 
" ~eF{1g + 3J 


Data: 


G = 80(1 0 9 ) Pa 


E = 200(10*) Pa 


J = ^(0.008) 4 = 6.4340(1 0 -9 ) m 4 
I = ^J = 3.2170(10 -9 ) m 4 


El = 643.40 N -m 2 JG = 514.72 N • m 2 


y c 


(200)(0.25) 3 


643.40 


643.40 2 


514.72 3 


-9.3093(1 0 -3 )m 


^ c = 9.31 mml -4 
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M 0 



PROBLEM 9.95 

For the uniform cantilever beam and loading shown, determine (a) the slope at 
the free end, ( b ) the deflection at the free end. 


SOLUTION 


Place reference tangent at B. 
Draw Ml El diagram. 


A = 


@B/A ~ 
^B! A ~ 


K 

{ Ely 


L = - 


M 0 L 

El 


a = kl 

El 


Ax 


(M 0 L^ 

(k L ) 

El J 

U J 


M () L 

2EI 


(a) Slope at end A . 


(b) Deflection at A . 


-&a + A 


0 A = 


Mq L 
El 


y A - t A /B - 


M 0 L 2 
2 El 


±_ 


A 



M/eT 



0 = e A 


+ M„L 
El 


El 


y A 


M () L 

2 El 


t ◄ 
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PROBLEM 9.96 

For the uniform cantilever beam and loading shown, determine ( a ) the slope at 
the free end, ( b ) the deflection at the free end. 


SOLUTION 

Place reference tangent at B. 
Draw Ml El diagram. 


A = ± 

2 


PL 

El 


L = — 


PL 

2EI 


x=-L 

3 


&B/A ~ A - 


t m = Ax 


PL 1 
2 El 
PL^ 


2EI 


PL 

3EI 


(a) Slope at end A . 


9 B — 9 A + A 


o = e A - 


PU_ 

2EI 


(b) Deflection at A . 


yA~ r AlB 


PE 

3EI 
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PROBLEM 9.97 

For the uniform cantilever beam and loading shown, determine (a) the slope at 
the free end, ( b ) the deflection at the free end. 


SOLUTION 


Place reference tangent at B. 


0 B —0 


Draw Ml El curve as parabola. 


A = — 
3 


wL z 

2EI 


1 wB 




6 El 


- T l T 3_ 

x = L L = — L 

4 4 


By first moment-area theorem, 


J B/A 


A 1 wL 3 

A = 


6 El 


@B ~@A + ®BiA 


& A ~ @B ®BIA - 0 + 


1 wE 1 wE 


6 El 6 El 



By second moment-area theorem, 


*AIB ~ : 


-L 

v4 


1 wZ 3 1 


6 El J 


y A =t . 


A/B 


1 w£_ 
8 El 


1 wB 
8 El 


(a) 

(b) 


e A =^^< 

6 El 


y A 


w£ 

8£7 


i ◄ 
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-o PROBLEM 9.98 

^^yTTTTTTT' 

a i 

For the uniform cantilever beam and loading shown, determine (a) the slope at 

B 

U L ► 

the free end, ( b ) the deflection at the free end. 
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A 


2M 0 M 0 

?> 0 


L/2 


L/2 


PROBLEM 9.99 

For the uniform cantilever beam and loading shown, determine the 
slope and deflection at ( a ) point B , (Z?) point C. 


SOLUTION 


A 



■R.E.F, TAkl. 


Place reference tangent at A. 0 A = 0 

Draw — diagram. 

El 


k/et; 



4 = 

4 = 



1 M 0 I 

2 El 


m 0 ) 


1 M 0 L 

EI ) 

U J 

4-h 

CM 

1 


Deflection at 5. 


Obi a ~ 4 + 4 - 

Ob = 0 A + 0 B/A 


1 M 0 £ 

2 El 

= 0 


1^(4 Q 
2 El 


yB 


hiA 


= 4 


(L 

1 

l c 

1 ^9 

(i 

L ) 

+ — 


— ■ 



2 

’ 2 j 

I 2 

u 

' 2 j 


0 B = 0 ◄ 


3 M 0 I 2 _ 1 M 0 L 2 _ 1 M 0 Z 2 
8 El 8 El ~ 4 El 


(i b ) Slope at C . 


-'C7/1 


1 M 0 I 

2 El 


Oc ~ 0 A + 0 ciA 


Deflection at C. 


_ t C!A 




1 M 0 L 2 
8 E! 


yB 


1 M 0 4 
4 El 


_ 1 M 0 L 
~ 2 El 


1 MJ} 

y<r = — - — 

c 8 El 


t ◄ 




t ◄ 
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PROBLEM 9.100 

For the uniform cantilever beam and loading shown, determine the slope and 
deflection at (a) point B, ( b ) point C. 


SOLUTION 



(a) At point B : 


@B - &BIA - A + A - 


Pa Pa 


2 El El 


3fV 
2 El 


e R 


3Pcr_ 

2EI 




yB 


l B!A 


A 


2a) 

f 3a ) 

+ 


U ) 

u J 


Pa 2 ' 

Aa^ 

l + 

' Pa 2 ^ 


2 El) 

3 J 

{ El) 

UJ 


1 l/V 

6EI 


(. b ) At point C : 


Fs 


ll/V 

6EI 


f ◄ 


~ ®C!A ~ A - 


Per 

El 


yc 


l C!A 


f Pa 2 ^ 




/V 
2 El 


dr 


Pa 1 

El 




y c = 


Pa) 
2 El 


f ◄ 
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4 kips/ft 


1.5 kips 



3.0 in. 

M 

(J 


PROBLEM 9.101 


For the cantilever beam and loading shown, determine (a) the 
slope at point C, ( b ) the deflection at point C. Use E- 29 x 10 6 psi. 


Uff 
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26 kN/m B 


: ■Hill 

i 

iB c 

18 kN | 

2.2 m A 


0.5 m 



W250 X 28.4 


PROBLEM 9.102 

For the cantilever beam and loading shown, determine (a) the 
slope at points, (b) the deflection at points. Use E = 200 GPa. 


SOLUTION 



|o l M/er 



Pef. 


Units : Forces in kN; lengths in m. 

E = 200 x 10 9 Pa 

I = 40.1 x 10 6 mm 4 = 40.1 x 10“ 6 m 4 
El = (200 x 10 9 )(40.1 x 10“ 6 ) = 8.02 x 10 6 N • m 2 
= 8020 kN • m 2 
Draw Ml El diagram by parts. 

Mj_ _ (18X2.2) _ 

El ~ 8020 

1 


= 4.9377 xlO^nT 1 


^1 


(4.9377 x 10" 3 )(2.2) = 5.4315 x 10“ 3 


xi = 3(2.2) = 0.7333 m 


M 2 (26)(2.7) 2 


El (2)(8020) 
1 


-11.8167 xl0“ 3 m _1 


n 2 - -(-11.8167 x 10 _3 )(2.7) = -10.6350 x 10 

x 2 = -t(2.7) = 0.675 m 

Draw reference tangent at C. 

@C ~ + @C! A = 0 A + A 1 + A 2 = 0 


-3 


(a) Slope at A . 


0 A = -A x -A 2 = -5.4315 x 10 + 10.6350 x 10 

= 5.20 x 10 _3 rad 


i-3 


e A = 5.20 x 10 -3 rad 
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PROBLEM 9.102 (Continued) 


(b) Deflection at A . 

yA = yc - o c l + t A/c 

= 0 — 0 + + A^2^2 

= 0 - 0 + (5.4315 X 10“ 3 )(1.9667) - (10.6350 x 10" 3 )(2.025) 

= -10.85 x 10“ 3 m 

y A = 10.85 mm 4- A 
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1.1 kips 1.1 kips 1.1 kips 



PROBLEM 9.103 

Two C6x8.2 channels are welded back to back and loaded as 
shown. Knowing that E = 29 x 10 6 psi, determine (a) the slope at 
point D , ( b ) the deflection at point D. 
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5 kN 

4 kN/m 

PROBLEM 9.104 


1 

1 

For the cantilever beam and loading shown, determine (a) the 

A 

B 


c W250 x 22 3 slope at point A, (b) the deflection at point A. Use E - 250 GPa. 


1 m— ► 

-*■ 2.5 m 



SOLUTION 



Units: Forces in kN; lengths in m. 


E = 200 x 10 Pa 

/ = 28.7 x 10 6 mm 4 = 28.7 x 10“ 6 m 4 


5.74 x 10 6 N • m 2 
5740 kN • m 2 


Draw Ml El diagram by parts. 

Mj 

El 


- - (5)(3 ' 5) = -3.0488 x 10 -3 m _1 


5740 


4 = ^-(-3.0488 x 10“ 3 )(3.5) = -5.3354 x Iff 
x, = 2(3.5) = 1.16667 m 


kep. ta*j. 


"\-3 


M, 


(4)(2.5) 2 


-2.1777 x 10“ 3 m _1 


El (2>(5740) 

A 2 = j(-2.1777 x 10“ 3 )(2.5) = -1.81475 x 10“ 3 

= -(2.5) = 0.625 m 


Place reference tangent at C. 


0 C - 0 


9c/A -4 + ^2 


-7.1502 x 10 


-3 


(a) Slope at A . 


0 A =0 C ~ e c!A = 7.1502 x 10“ 3 


e A = 7.15 x 10 -3 rad ^ A 


t A/c = (2.3333)(— 5.3354 x 10“ 3 ) + (2.875)(-l .8 1475 x 10“ J ) 
= -17.6665 x 10“ 3 m 


— 3\ 


(. b ) Deflection at A . 


y A = t AC = -17.67 x 1 0 3 m 


y A = 17.67 mml M 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1517 



w 

B C 

PROBLEM 9.105 

A 

El 

L/2 

3 El 

L/2 

For the cantilever beam and loading shown, determine (a) the slope at points, 
( b ) the deflection at point A. 


SOLUTION 




A 


M 

Draw the — diagram using the M diagram. 


4 = - 

1 2 


4 = - 

2 2 


1 wZ 2 Yz 


24 El 


1 




8 El, 


f-1 

v 2 J 


4 = - 


1 wL 




8 m j 


v 


Place reference tangent at C. 
(a) Slope at ,4. 4 - 4/a 


4 - _ 4 _ 4 _ 4 - 


l m4 
96 El 

1 wZ 3 
32 El 

1 wZ 3 
48 El 


1 wZ 3 
16 El 


4 

(Z>) Deflection at A = / A/c 


f 2 N 

1 45/ 


f 3 ^ 

-L 

+ 4 — a 

+ ^3 

-L 

U , 

I 2 U J 


U J 


47 wZ 4 
1152 El 


1 wZ 3 
16 El 


41 ◄ 


7a = 


_4^n4 ; 

1152 El 
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M 0 

r - 

2 El 

3 El 

PROBLEM 9.106 

V A B 

C 

D 

For the cantilever beam and loading shown, determine the deflection and 
slope at end ,4 caused by the moment M 0 . 

P< a 

-< — a j- 

^ a j- 



SOLUTION 


M/er 



-t 


A/0 


M M 0 a 

Draw — diagram. A, = H — 

El 1 El 

a 2 = + M& 

2 El 

3 El 

@D ~ >7) = 0 

Place reference tangent at D. 
Deflection at .4 . y A = t A/D 


A 


V 

II 

fl > 

— a 

+ A 2 (^a 

+ A ^ 

(5 } 
— a 

T 




) 

V2 ) 


v 2 J 


25 M 0 a ^ 

12 El 

Slope at .4 . #4 = -0 cjA 




1 1 M 0 a 
6EI 


UM 0 a 
6 El 
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40 kN 




2.1m 

2.7 m 


12 X 200 mm 





W410 X 60 


PROBLEM 9.107 

Two cover plates are welded to the rolled-steel beam as 
shown. Using E = 200 GPa, determine {a) the slope at 
end A, ( b ) the deflection at end A. 
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15 kips 

|| A w 

— 


* A ^ ff > 

B C 

K t:. 0 It > 

6 ft 



PROBLEM 9.108 

Two cover plates are welded to the rolled-steel beam as shown. 
Using E = 29xl0 6 psi, determine (a) the slope at end C, (b) the 
deflection at end C. 

W10 X 45 



SOLUTION 


M/ex 



Portion BC : / = 248 in 4 

El = (29 x 10 6 )(248) = 7.192 x 10 9 lb • in 2 = 49,944 kip • ft 2 
Portion AB : 



A( in 2 ) 

d(in.) 

^ 2 (in 4 ) 

/(in 4 ) 

Top plate 

4.5 

5.3 

126.405 

0.09375 

W12 x 45 




248 

Bot. plate 

4.5 

5.3 

126.405 

0.09375 




252.81 

248.19 


/ = 252.81 + 248.19 = 501.00 in 4 El = (29 x 10 6 )(501) = 14.529 x 10 9 lb • in 2 = 100,896 kip • ft 2 


Draw — diagram. 
El 


M 

El 

M 3 

El 


- (15>(6) = -892.01 x 10 -6 ft -1 
100,896 

_ 05)05) = _ 45Q 5Q x 10 -6 ft -i 
49,944 


4 = i(4.5)(-892.01 x 10“ 6 ) = -2.0070 x 10“ 3 

A 2 = —A =- 0.50175 x 10“ 3 
2 6 1 

A 3 = -t(1.5)(-450.50 x 10“ 6 ) = -0.33788 x 10“ 3 


Place reference tangent at A. 


(a) Slope at C . 


~ @c/a - A 1 + A 2 + A 3 


e c = 2.85 X 10“ 3 rad X ◄ 


( b ) Deflection at C . y c = t c , A 

y c = (4.5X4) + (3X4) + 0X4) = -10.8746 x 10 3 ft 

y c = 0.1305 in. i ◄ 
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I 


L/2 



PROBLEM 9.109 

For the prismatic beam and loading shown, determine (a) the slope at 
end A, (b) the deflection at the center C of the beam. 


SOLUTION 


Symmetric beam and loading. 

Place reference tangent at C. 

@c = Fc = —*a/c 



Reactions: 


Bending moment at C . 


(i a ) Slope at A . 




o A =o { 


0 a= 0 


f \ PL ' 


Jei a 

UJ 

: ~ ®cia 


1 PL 

) 

16 El 


1 PL 2 
16 El 


M/£I 



1 PL 2 
16 El 




(. b ) Deflection at C . 


■Vc = -tjuc = ~ A 


f-1 

UJ 


]_PL 2 
16 El 


UJ 


1 PL 3 
48 El 


i ◄ 
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PROBLEM 9.110 

For the prismatic beam and loading shown, determine ( a ) the slope at end A, 
(b) the deflection at the center C of the beam. 


SOLUTION 


\A/ez 




Symmetric beam with symmetric loading. 

6 C = 0 Place reference tangent at C. 

Draw — diagram. 

El 


A] = —a 
1 2 


A 2 - 


r Pa^ 


\EI j 


Pa 1 
2 El 


(L } 

Pa \ 



U J 

U/J 


Pa(L - 2a) 
2 El 


Slope at end .4 . 


0 A — A + A 2 


~ ~@C/A 

Pa{L - a) 


2 El 

Deflection at C . y c - —t Ajc 


1 AtC 


(2 ^ 


T (l V 


A + 


U J 

L 2 U )\ 


2 Pa* 

3 2 El 


L + 2a 


Pa(L - 2a) 


2 El 


— . Kr2 a „ 2 > 

El [3 


a 1 + -{If - 4a ) 


P a 9 a 2\ 

(3L 2 - 4a 2 ) 


7c 


24EI 

Pa 


24EI 


(3L 2 - 4a 2 ) 
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PROBLEM 9.111 

For the prismatic beam and loading shown, determine ( a ) the slope at end A, 
(. b ) the deflection at the center C of the beam. 
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B CD 




-L/2- 


-L/2 ■ 


PROBLEM 9.112 

For the prismatic beam and loading shown, determine ( a ) the slope at 
end A, ( b ) the deflection at the center C of the beam. 


SOLUTION 


Symmetric beam and loading. 
Place reference tangent at C. 

Reactions : 

Bending moment . 

Over AB\ 

Over BD : 

Draw Ml El diagram by parts. 



A 

A 

A 


1 M[ 1 wa 3 
~ 2 El a ~ 2 El 
_ 1 M 2 _ 1 wa 3 


3 El 


M 3 ' 

~e! v 


L 

a 

2 


6 El 
_ 1 wa 2 
"4 El 


(L - 2a) 


(a) Slope at A . 


6 A — 0 C 0 C/A — 0 (A l + A 2 + A 3 ) 


1 wa 


1 wa 
+ — 


2 El 6 El 

- 2 ' 1 1 


4 


wa 


El 


—L — a 
v 4 6 


1 wa 
V2~EI 


(3L - 2a) 


wa 

UEI 


(3L - 2a) ^ ◄ 
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PROBLEM 9.112 (Continued) 


(b) Deflection at C 
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M 0 

M 0 

PROBLEM 9.113 

M B j) c Vd For the prismatic beam and loading shown, determine (a) the slope at 


— ci — *\ 

— ci — 

end .4, ( b ) the deflection at the center C of the beam. 


L/2 ► 

L/2 
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PROBLEM 9.115 

For the beam and loading shown, determine (a) the slope at end A, 
( b ) the deflection at the center C of the beam. 


SOLUTION 


Symmetric beam and loading. 




^max = 


-P |(2 a) = Pa 


Draw M and Ml El diagrams. 


A =- 
2 


' Pa 
v 2 El 


1 Pa 
a- — 


. 1 f Pa ^ 

A 2 — 

2U El 
. If Pa 


4 El 

1 Pa 2 
a = — 


2 1 2EI 


8 El 
1 Pa 2 


4 El 


Place reference tangent at C. 
(a) Slope at A . 


@c — 0 


0 A -0 C - 0 CJA -0-(A l +A 2 +A 3 ) 

5 PcS 
$ El 



(b) Deflection at C . 


be I — *a/c ~ A 


(2 \ A 

(4 ) 


(5 \ 

Cl + Ary 

— a 

+ Ay 

— a 

U J 

V 3 j 


A 


1 Pa 3 1 /V 5 /V 

“e’er e'er 12T7 


3 /V 


4 El 


yc 


3/V 

4EI 


i ◄ 
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PROBLEM 9.116 

For the beam and loading shown, determine (a) the slope at end A, 
0 b ) the deflection at the center C of the beam. 


SOLUTION 


Symmetric beam and loading. 



R a =R e =2P. 


Draw V, M, and Ml El diagrams. 


A = 
A = 

a 3 = 


2 

i_ 

2 

J_ 

2 


2Pa) 

Pa 2 

a = 

El J 

El 

2 Pa 

\ 1 Pa 1 

— 

\a = 

3 El 

J 3 EI 

'Pa' \ 

1 Pa 2 

\a = 

El J 

2 EI 


Place reference tangent at C. 

0 c =o 


(a) Slope at /! . 



— &c @cia ~ 0 ( / 1 | + + ^3 ) 

11 iV 

TTT 


Deflection at C. 


bcl = ^/c 


(2 } 


f 4 ) 


( 5 

—a 

+ A 2 

—a 

+ ^ 4.3 

—a 

U J 


U J 


1.3 J 


35 Pa s 


18 EI 


°a = 


11 Pa? 
6EI 




35 Pa 3 
18£7 


f ◄ 
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p 1 

' B Cl 

IP 1.5 kips 

D '' 


4 

-<-4.5 ft-*- 

— 

-*-4.5 ft-*- 




S6 X 12.5 


PROBLEM 9.117 

Knowing that the magnitude of the load P is 7 kips, determine 
( a ) the slope at end .4, ( b ) the deflection at end .4, ( c ) the deflection 
at midpoint C of the beam. Use E = 29 x 10 6 psi. 
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PROBLEM 9.117 (Continued) 


(a) Slope at end A . 

( b ) Deflection at A . 

(c) Deflection at C . 


G A = -All x 10“ 3 rad d A = 4.27 x 10“ 3 rad ^ ◄ 

y A = -(2)(-4.27425 x 10" 3 ) - (-0.45141 x 10“ 3 ) 

= 8.9999 x 10“ 3 ft y A = 0.1080 in. t ◄ 

y c = 8.9999 xlO" 3 - 26.1392 x 10" 3 = -17.1393 x 10" 3 ft 

y c = -0.206 in. y c = 0.206 in. 4^ M 
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40 kN/m 



S250 X 37.8 


PROBLEM 9.118 

For the beam and loading shown, determine (a) the 
slope at end A, ( b ) the deflection at the midpoint of 
the beam. Use E = 200 GPa. 
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W460 X 74 


PROBLEM 9.119 

For the beam and loading shown, determine ( a ) the 
slope at end .4, ( b ) the deflection at the midpoint of 
the beam. Use E = 200 GPa. 


SOLUTION 


Use units of kN and m. 
For W460x 74, 


I = 333xl0 6 mm 4 = 333 xlO -6 m 4 


£7 = (200xl0 9 )(333xl(T 6 ) 

= 66.6xlO s N -m 2 = 66,600 kN • m 2 

Symmetric beam and loading. Place reference tangent at midpoint C where 6 C = 0. 


Reactions: 


R a =R e = 150 kN t 


M 


Draw bending moment diagram of left half of beam by parts. 

Mj = (2)(150) = 300 kN • m 




J 


(2)(300) = 300 kN • m 2 


A 2 = (0.5)(300) = 150 kN • m 2 


M 3 = -60 kN • m 



A 3 = (2.5)(-60) = -150kN-m 2 


(a) Slope at end A . 


0 a ~ @CIA 


&a~ „ T { A A A) 

El 

_ -300-150 + 150 
66,600 

= -4.50 xlO -3 rad 



3^ 




t 


0 A =4.50x 10 3 rad ^7 ◄ 


(b) Deflection at midpoint C . 


yc - bi/c 


*A/C ~ 


~EI 


-•2 


A 


CK5 

~2 


A 2 “t - 


2.5 A 


yc 


400 + 337.5-187.5 „„ in _ 3 

= 8.26x10 3 m 

66,600 

-8.26 xl0 _3 m 


y c =8.26 mm i A 
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40 kN • m 


a uu 'i uu ' io 


40 kN • m 

; 


PROBLEM 9.120 


~ 7 \~ ^ | JL 1 For the beam and loading shown and knowing that 
W310 x 60 w = 8 kN/m, determine (a) the slope at end A, ( b ) the 
deflection at midpoint C. Use E = 200 GPa. 


•10 kN ■ m 












|| 




E = 200x10 Pa 




B 1*^ / = 128xl0 6 mm 4 =128xl0 _6 m 4 

W310 X 60 EI = (200 X 10 9 )(128 x 10“ 6 ) = 25.6 x 10 6 N • m 2 

= 25,600 kN-m 2 
Symmetrical beam and loading. 

R a =R b = — (8)(10) = 40 kN 


Bending moment: 

M = 40x-40--(S)x 2 
2 

At x = 5, 

M = 200-40-100 
M 

Draw — diagram by parts. 

Ml = J!00_ = 7 8125x10-^-' 
El 25,600 


^ V~«f. 4*/> 


M, 


El 25,600 


40 - = -1.5625 x 10 -3 m -1 


M, 


El 25,600 


' 10 ° - = -3.9063 xl0 _3 m _I 


4 = ^-(7.8125 x 1 0 -3 )(5) = 19.5313 x 10" 


^24 

V3y 


A 2 =-(1.5625)(5) = -7.8 125x10 


-3 


Place reference tangent at C. 


-—(3.9063)(5) = -6.5105 x 10“ 3 


0 C = 0 


X, = 


x, = 


y 


V4y 


(5) = 3.3333 m 
(5) = 2.5 m 
(5) = 3.75 m 
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PROBLEM 9.120 (Continued) 


(a) 


(b) 


Slope at A . 

& a = ~ ®cia =0-(A l + A 2 + A 3 ) 

d A = -(19.5313 x 1(T 3 - 7.8125 x 1(T 3 - 6.5105 x 10“ 3 ) = -5.21 x 10 -3 

d A = 5.21 xl(T 3 rad 

Deflection at C . 

I^C I = ^A/C 

= (19.5313 x10“ 3 )(3.3333)-(7.8125x10“ 3 )(2.5)-(6.5105x10“ 3 )(3.75) 

= 21.2xl0 _3 m y c =21.2 mm ^ ^ 
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P" ] 

' r B C } 

IP 1.5 kips 

D '< 



-<-4.5 ft-»- 

A 

-<-4.5 ft 




S6 X 12.5 


PROBLEM 9.121 

For the beam and loading of Prob. 9.117, determine ( a ) the load P 
for which the deflection is zero at the midpoint C of the beam, 
( b ) the corresponding deflection at end A. Use E = 29 x 10 6 psi. 


SOLUTION 


Use units of kips and ft. 

For S6x 12.5, 7 = 22.1 in 4 




El = (29 x 10 6 )(22.1) = 640.9 x 10 6 lb • in 2 
= 4451 kip -ft 2 

Symmetric beam with symmetric loading. Place reference tangent 
at midpoint C where 6 C - 0. 

Draw the bending moment diagram by parts for the left half of the 
beam. 

4 = -t(4.5)(4.5)i? g = 10.12504, kip • ft 2 
M 2 = -(2 + 4.5)(1.5) = -9.75 kip • ft 
A 2 = I(4.5)(-9.75) = -21.938 kip • ft 2 
M 3 = — (2)(1 .5) = -3 kip • ft 
4 = i(4.5)(-3) = _6.75 kip • ft 2 

A 4 = |(2)(-3) = -3 kip • ft 2 


(a) 


A. 1 f 2 

* BIC ~ 0 - ' 


, (4.5)4 + —(4.5)4 + -(4-5)4 
El (3 3 3 

30.3754? - 75.938 , . 

1 = o R r = 2.5 kips 

El b f 


By statics, — (2)(1 .5) + 2 R B - P - 0 


P = 2.00 kips 1 A 


4 = (10.125X2.5) = 25.313 kip • ft 2 


(b) y A = t AIC = — \(2 + 3)4 + (2 + 3)4 + (2 + 1.5)4 + 


(5X25.313) + (5)(-2 1.938) + (3.5)(-6.75) + | - (-3) 

3 , 


2 1 

1 

-•2 

V 2 J 

4 


4451 


= -2.4152 x 10“ 3 ft = -0.0290 in. 


yA 


= 0.0290 in. 1 ◄ 
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40 kN • m 

w 

40 kN • m 

PROBLEM 9.122 

rnr 

4D 

INI 1 „ 

For the beam and loading of Prob. 9.120, determine the 


r 

/v J Jn 

| 



W310 X 60 

value of w for which the deflection is zero at the 

L 




midpoint C of the beam. Use E - 200 GPa. 

1^ U 111 ^ 


0 m 


SOLUTION 

Symmetric beam and loading: 
Bending moment in kN • m: 

At x = 5 m, 

Draw Ml El diagram by parts. 


R a = R b = (w in kN/m) 


1 ? 

M = 5wx-40 wx 

2 


M = 25w-40 -12.5w 


A = ~ 


1 ( 25wV _ 62.5w 
\P ) — " 


21 El 


El 


(40)(5) 200 

El ~ El 

1 ( 12.5wV _ 20.833w 

W/ — 


El 


El 


_ 2 
x 


, - -(5) = 3.3333 m 
1 3 


x 2 = -t(5) = 2.5 m 


x, = -(5) = 3.75 m 
3 4 


Place reference tangent at C. 
Deflection at C is zero. 


M/£I 



62.5w 

El 


(3.3333) 


f 200 ^ 


El , 


(2.5) - 


1 Ate — y a yc 

x4^Xj “I - ^ 2^2 “I” ^ 3 X 3 — 0 

/20 - 833w \3.75) = 0 


El 

130.21w 500 


El 


El 


= 0 


w = = 3.84 kN/m 

130.21 


rr 


-p. "Vfi* 


w = 3.84 kN/m A 
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PROBLEM 9.123* 

A uniform rod AE is to be supported at two points B and D. Determine the 
distance a for which the slope at ends A and E is zero. 
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PROBLEM 9.124* 

A uniform rod AE is to be supported at two points B and D. Determine the 
distance a from the ends of the rod to the points of support, if the 
downward deflections of points A, C, and E are to be equal. 


SOLUTION 


Let w = weight per unit length of rod. 
Symmetric beam and loading: 


Bending moment : 

Over AB: 

Over BCD : 

Draw Ml El diagram by parts. 


Place reference tangent at C. 


Rn 


M 


M 


■ R n = —wL 
D 2 


-wx 


2 

1 2 1 w 

— wx H — wL(x - a) 

2 2 


El 


M x _ 1 wL(\-d) _ 1 wL{L-2d) 
El ~ 

M 2 
El 


El 

K 2 J 


1 w (|) 2 


1 wL z 


2 El 


8 El 


4=2^ 

1 2 El 




-a 


1 wL{L - lay 


16 


El 


A 2 =- 
2 3 


M 2 

El 


2 f 

x, = a + — 

3 

_ L 1 

x-, = 

2 4 


J 
L 

a 

v2 


i wii 
\{L + a) 


yA }’c - t A/C 
A t x t + A 2 x 2 


= 0 
■ 0 


1 wL(L - 2a) 1 1 r , 1 Wl} 3 r 

— (L + a) L = 0 

16 El 3 48 El 8 
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PROBLEM 9.124* (Continued) 


Let u = Divide by 
L 


wL 4 
48 El' 


Solving for u , 


(1 - 2 m ) 2 (1 + w ) - — = 0 
8 

4 5 

Aii - 3u + — = 0 
8 

u = 0.22315 - = 0.223 

L 


a = 0.223L ◄ 
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PROBLEM 9.125 

For the prismatic beam and loading shown, determine (a) the deflection at 
point D, (b) the slope at end A. 


SOLUTION 


M/EX 




(a) Deflection at D . 


+)IM b = 0: -R a L + Pj = 0 R a = P 

r% nr n t 

+)M a = 0: — - P— + R b L = 0 R b = 0 


Draw — diagram. Reference tangent at A. 


A 


h/A 


*D/A 


2 


'2 PL Y 2 L\ 

JetAtJ 


2 PL 2 
9 El 


2 PL 1 


9 El 


'7/2 L 

,3 3 3, 


14 PL 3 
81 El 


2 P / 2 V 2 2 Z^| 8 PZ 3 

9~e7~ 3" * ” 3 ” J — sITT 


Xd 

yD = { D/A - ~hlA 

- _ + 2 x 1 4 PL 3 _ _4_ PZ? ^ 

_ 8T _ £7 _ 3 X 8l A/" “ 243 El 


(, b ) Slope at 4 . 

£ _ 


14 PI? 
81 El 


◄ 


◄ 
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PROBLEM 9.126 

For the prismatic beam and loading shown, determine (a) the deflection at 
point D , (b) the slope at end A. 
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PROBLEM 9.127 

For the prismatic beam and loading shown, determine (a) the deflection at 
point D , (b) the slope at end ,4. 
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w 0 


A ± 




D 


-L/2- 


PROBLEM 9.128 

For the prismatic beam and loading shown, determine (a) the deflection at 
point D , ( b ) the slope at end A. 


L 


SOLUTION 




(a) 


(b) 


‘■B/A 


1 w 0 Z 2 A 
6 El 


(L) 


+ - 


1 w 0 Z 


6 El 


(L) 



TwqI? 


360 El 


1 

' 1 w 0 L 2 ' 

(k) 


2 

L 12 El J 

UJ 

v 6 J 


37 w 0 L 4 
1 1,520£7 


1 

+ — 
4 


r 


1 w 0 Z 2 ^ 

48 El 




Deflection at D. 


yD - 2 * b/a 


L D!A 


4 A 


lw 0 L 
360 El 


75w 0 L 4 
1 1,520£7 


37w 0 L 4 

11,520£7 


T’d = 


5w 0 L 4 

76SEI 


i ◄ 


Slope at^f . 



7w 0 I 3 

360£Y 




7w 0 L 3 
360 Yl 
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20 kN/m 




W150 X 24 


PROBLEM 9.130 

For the beam and loading shown, determine (a) the slope at end A, 
( b ) the deflection at point D. Use E = 200 GPa. 


SOLUTION 


Units : Forces in kN; lengths in meters. 
For W1 50x24, 


/ = 13.4xl0 6 mm 4 
= 13.4xl0 _6 m 4 


El = (200 x 1 0 9 )(1 3.4 x 10" 6 ) = 2.68 x 10 6 N • m 2 

= 2680 kN • m 2 

+)Z M b = 0: - 2AR a + (0.8X30) + (1 ,2)(2.4)(20) = 0 
R a = 34 kN t 


Draw bending moment diagram by parts. 

M x = (1.6X34) = 54.4 kN-m 
M 2 =(2.4X34) = 81.6 kN-m 

M 3 =-i(20)(1.6) 2 =-25.6 kN-m 

M 4 = -^-(20)(2.4) 2 = -57.6 kN • m 
M s = -(0.8X30) = -24 kN • m 
4 =i(1.6)(54.4) = 43.52 kN-m 2 

A x +A 2 =i(2.4)(8 1.6) = 97.92 kN-m 2 

A 3 =-j( 1.6)(-25.6) = -13.6533 kN-m 2 

A 3 + A 4 = i(2.4)(-57.6) = -46.08 kN • m 2 

4 = I(0.8)(-24) = -9.6 kN • m 2 



My — ^ 

A5 
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PROBLEM 9.130 (Continued) 


(a) Slope at A . Place reference tangent at A. 


® A ~ ^ f BIA 


t B ,A =— (4 + 4 ) t (2.4) + (4 +A 4 ) - (2.4) + A 5 - (0.8) 


= 48 ' 128 = 17.9582 x 10 3 m 
2680 

17.9582 xiO-3 3 


6 A =7.48x10 3 rad. ◄ 


( b ) Deflection at point D . 


yD - t D1A + °A X D 

i r .rn 


^ = ^^l3j (L6)+ " 2 UJ (L6) i 

= 17,7493 = 6.62289 x 10 3 m 
2680 

y D =6.62289xl0 -3 + (-7.48258 xl0 _3 )(l .6) 
= -5.3492 xl0~ 3 m 


= 5.35 mm i -4 
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1 


8001b 

B1 C 


2 ft 


2 ft 


200 lb/ft 


2 in. 


D 




-4 ft- 


T 

6 in. 


PROBLEM 9.131 

For the timber beam and loading shown, determine (a) the slope 
at point A, ( b ) the deflection at point C. Use £ = 1.7 x 10 6 psi. 


SOLUTION 



/ = — (2)(6) 3 =36 in 4 
12 


4 = — (6.4)(8) = 25.6 kip - ft 2 
A 2 = b(-4.8)(6) = -14.4 kip • ft 2 
A 3 = — (— 1 ,6)(4) = —2. 1333 kip -ft 2 


EIt D ,A - A 


-ft 1 + 4(2 ft) + 4(1 ft) 
\3 


= (25.6) 


+ (-14.4X2) + (-2.1333X1) 


= 37.333 kip • ft 3 = 64,512 kip • in 3 
64,512 


DIA ~ 61.2 xlO 3 


: 1.05412 in. 


0.8 Vdpa , 

| 0.2 W«p*/+t 


in2 A A 

i «. 






Ra." \ 

O.&kipSI 

1 2.‘R' 

2H 

A 

+ 4t 



P 

<o. 4 - 

- 4 .S 

-l.fe 
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W12 X 26 


PROBLEM 9.132 

For the beam and loading shown, determine (a) the slope at points, 
( b ) the deflection at point E. Use E = 29 x 10 6 psi. 


SOLUTION 


Units : Forces in kips; lengths in ft. 

For W12x 26, 7 = 204 in 4 


El = (29 x 10 6 )(204) = 5.916 x 10 9 lb • in 2 
= 41,083 kip ft 2 


= 0: - 107?, + (6)(4)(5) + (2)(4)(8) = 0 

Consider loading as 5 kips/ft from D to B plus 3 kips/ft from E to B. 

Mj =107?, =184 kip ft 
M 2 =6 7^ =110.4 kip -ft 

M 3 = -^(5)(8) 2 = -160 kip • ft 
M 4 = -^-(5)(4) 2 = -40 kip • ft 
M 5 =-i(3)(4) 2 =-24 kip -ft 
4 + A 2 = ^(10)(184) = 920 kip • ft 2 
4 = ^-(6)(1 10.4) = 331.2 kip-ft 2 
A 3 + A 4 = ^(8)(-160) = -426.667 kip • ft 2 
A 3 = I(4)(-40) = -53.333 kip • ft 2 
A s = i(4)(-24) = -32 kip • ft 2 


R a = 18.4 kips t 

Draw bending moment diagram by parts. 
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PROBLEM 9.132 (Continued) 


(a) Slope at A. y B — y A + 0 A L + t B/A y A — y B — 0 


~ h/A 


t B ,A =— (4 +4) - (10) + (^ 3 + A) T (8) + (4) T K 4 ) 


2181,33 = 53.096 xlO 3 ft 
41,083 


0 A =~ 


53.096x10 = _ 5 3096x10 -3 

10 


(Z?) Deflection at E . y E =x E 0 A + t EL 


t E ,A~- (4) T (6) + (4) T (4) = 


609.067 

41,083 


9, =5.31x 10 3 rad 


= 14.8253 xlO -3 ft 


=(6)(-5.3096x 10 _3 ) + 14.8253 xlO' 3 = -17.0323 xlO' 3 ft 


= 0.204 in. Jr ◄ 
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PROBLEM 9.133 

For the beam and loading shown, 
( b ) the deflection at point A. 


determine (a) the slope at point A, 


SOLUTION 


A 

a 2 

{ CIB 


M 0 a 


El 

MqL 


2 El 



M 0 L] 


2 El J 



3EI 


(a) Slope at A . 


(i b ) Deflection at A . 


9 K 


l C/B 


. MqL 


L 3 El 


9,, = 6 , + 6, 


B/A 


9 a + A, 


MqL c M^a 

3 El A El 


L AIB 


v2y 


M 0 a 2 

2EI 










6 A =—^-(L + 3a) 
A 3EI 


yA = 


M 0 a 

6EI 


(2L + 3a)l 


◄ 
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X 


-L/2- 


PROBLEM 9.134 

D For the beam and loading shown, determine (a) the slope at point A, ( b ) the 
deflection at point D. 


SOLUTION 



(< a ) Slope at .4 . 


+>M, 


-R^L + | — wL 


0 


-wL 


M 


Draw — diagram by parts. 


4 = - 

1 2 


3 wL 


2\ 


v 8 


L = 


3 wZ? 
16 El 


A 3 - 


1 

1 wL 2 

, 1 wl? 




3 

2 El 

V v 

6 El 

1 

AwL 2 ] 

L _ 1 wE 

3 

, 8 El) 

2 ~ 48 El 


Place reference tangent at^4. 

. L L 
hi A ~ A~ + A 2~ 


1 wE 


1 wE 


1 wE 


16 El 24 El 48 El 


0 A = - l SiA = 
I 




1 wE 
48 El 


(L 



(L 

L) 


( 3 

L) 

— 

+ — 

+ A2 

— 

+ — 

+ A'l 

— ■ 

• 

u 

2 ) 


u 

2 J 

j 

u 

2 J 


(b) 


5 wE 1 wE 


1 wE 


3 wL 4 


32 El 8 El 
Deflection at D. 


yo - h/A T hu ~ 100 „ r 

L 128 El 


128 El 128 El 


3 wL 4 3 1 wL 4 


2 48 El 


J_wL ?_ 
128 El 


yD 


1 wE 
128 El 
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(j 


PROBLEM 9.135 

Knowing that the beam AB is made of a solid steel rod of diameter 
d = 0.75 in., determine for the loading shown (a) the slope at point 
D , ( b ) the deflection at point A. Use E = 29 x 10 6 psi. 


SOLUTION 


Units : Forces in lb; lengths in inches. 

c = - = -(0.75) = 0.375 in. 

2 2 

/ = — c 4 =— (0. 375 ) 4 =0. 01 55 316 in 4 
4 4 

El = (29 x 10 6 )(0.0155316) = 450.4 x 10 3 lb • in 2 


Draw yj- diagram by parts by considering the bending moment diagram due to each of the applied loads. 

El = O^QX 4 ) =1 33215 xl0~ 3 in. -1 
El 450.4 xlO 3 

M, = _ ( 300 X 6 ) 3.99645 x 10 ~3 in .- 1 

El 450.4 xlO 3 

4 = ^-(24)(1.33215 x 10' 3 ) = 15.9858 x 10 3 

A 2 = i(24X-3. 99645 x 10 3 ) = -47.9574 x 10^ 3 

A 3 = 1(4X1 .332 1 5 x 1 0 -3 ) = 2.6643 x 1 0 -3 

Place reference tangent at D. 

(a) Slope at point D . 

y E =y D + lo d + t E/D 0 D = —t E / D iL 
t BA =16 4+ 8 A 2 = -127.8864 x 10 -3 in. 





-127.8864x 10 
24 


5.3286x10 


-3 


e D = 5.33 xlO -3 rad 


(. b ) Deflection at A . 


yA - y E a @D + * AID - t AID a @D 


y.4 = E 


- |(4) - (4X5.3286 x 10 = -14.21 x 10 J in. 


y A =0.01421 in. I ◄ 
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1 

k 1.2 kN 

3 kN/m 


PROBLEM 9.136 

A 

B , 


c 

\ 

\ D 30mm Knowing that the beam AD is made of a solid steel bar, 


(A-> 

A 

II — determine (a) the slope at point B, (b) the deflection at point A. 





A A Use E = 200 GPa. 



^ 0 ^5 m ^ 

-^0.25 m-*- 

30 mm 


0.20 m 




SOLUTION 

E = 200 x 10 9 Pa I = ^(30)(30) 3 = 67.5 x 10 3 mm 4 = 67.5 x 10~ 9 m 4 

EI = (200 x10 9 )(67.5x 10 _9 ) = 13,500 N-m 2 =13.5 kN-m 2 
+)EM B = 0: -(0.2)(1.2)-(3)(0.25)(0.125) + 5i? D = 0 R D =0.6675 kN 
^ M A . 

Draw — diagram by parts. 


Mj = (0.6675X0.5) = 0.33375 kN • m 
M 2 = (1.2)(0.2) = 0.240 kN • m 

M 3 = -I(3)(0.25) 2 =-0.09375 kN-m 

Aj = j(0.33375)(0.5)/EI = 0.0834375/£7 

A 2 = I(0.240)(0.2)/£7 = 0.024/£7 

A 3 = ^(-0.09375)(0.25 )/EI = -0.0078125 /El 


M/f'r 



Place reference tangent at B. 


t D/B = A 1 - • 0.5 + A 3 - • (0.25) + 0.25 = 0.024395/^7 


(a) Slope at B . 6 B = — — = - 


0.024395 0.048789 


0.5 El 


El 


= -3.6140x10 


-3 


e B =3.61x10 3 rad ◄ 


t A/B = A 2 1 -(0.20) | = 0.0032 IEI = 0.23704 x 10“ 3 m 


(b) Deflection at A . y A =t m -L AB 6 B 


■ 0.23704 x 1 0“ 3 - (0.2)(-3 .6 1 40 x 1 0“ 3 ) = 0.960 x 1 0“ 3 m 


y A = 0.960 mm T 4 
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PROBLEM 9.137 

For the beam and loading shown, determine ( a ) the slope at point C, 
(b) the deflection at point D. Use E = 29 x 10 6 psi. 
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40 kN/m 


160 kN 



I 

W410 X 114 


4.8 m 


1.8 m 


PROBLEM 9.138 

For the beam and loading shown, determine (a) the slope at point B , 
(b) the deflection at point D. Use E = 200 GPa. 
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j£: w 


-L/2- 


2 El 
-L/2- 


PROBLEM 9.139 

For the beam and loading shown, determine (a) the slope at end A, ( b ) the 
slope at end B , (c) the deflection at the midpoint C. 


SOLUTION 

Reactions: 


r a= r b = 2 wl 


Draw bending moment and M/EI diagrams by parts as shown. 


a 


1 L wL l 


wlf 


2 2 4EI 16 El 
1 L wl} wl ? 


A 2 - ■ 


A, = 


3 2 8 El 
1 L wL 2 


2 2 8 El 
1 L wL 2 


3 2 \6EI 


4SEI 

wL 3 

32EI 

wlf 

96 El 


Place reference tangent at A. 
(a) Slope at end A . 

}’b = }’a + r 0 a + t B/A 
= ~ t B!A^ R 


l B/A 


( L 




(L 

- + - 

A x 

+ 

— I — 

u 

6) 



oo 

<N 


A 2 + ~ A 3 + 


3 L 


wlf 


El 


1 


5_ + J 1_ A 

\24 384 + 96 256y 


9 WL 
256EI 


(b) 


9 wU 1 


e A 

256EI L 
Slope at end B . 


@B ~®A + ®B!A ~ 


9wlf 

256EI 


9wE 
256 El 


+ A j + A 2 + A 2 + A a 


0 B - 


7wL 

256£7 



m/cx 



e. 


9 wlf 
25 6EI 




0 B - 


Iwl? 

256 El 
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PROBLEM 9.140 

For the beam and loading shown, determine the deflection ( a ) at point D , 
(. b ) at point E. 


SOLUTION 



R.Ef=eR.€MCE T^MGeAT 


1 

f PL 

\ 

L ' 

PL 2 

2 

\6EI J 

by 

~ 36 El 

f PL \ 

(O 


PL 2 

Uei) 

V 

3 ) 


WEI 

1 

( PL 

A 

(1 


_ PL 1 

2 

U El) 


b 

~ WEI 


l DtA 


= A 


f t\ 


J 


r PL 2 ^ 
36EI 


UJ 


l E!A 


A\ 


(L 

Ll 

+ f 

' L' 

— + — 



3 ) 

2 i 

v6 y 


hi a — A i 


PE_ 

3 6EI 

v 

7 PE 
324 El 


4L 
9 y 


r PI 
WEI 


PE 

324EI 


L} 

6 


V-P 


M 

A 


>r a p 


L/3 


44 


L/3 L/3 

PL 


R b =P 





+ Ary 


\ y J 


V 2 y 


+ yto 


r 20 


PE 
3 6EI 

V 

5 PE 
SIEI 


f 1L 3 


PL 
18 El 


T \ 


v 2 y 


PE 
18 El 


2L 


\ y J 


( a ) Deflection at D . 

y D - ^ hi a hi a 

( b ) Deflection at 


v 81 £/ y 


PE 


11 PE 


_2 _ _2 

yE ~~ hi A hi A - — 


5 PE 


■3 A 


8 1£7 y 


324£7 912EI 


1PE 19 PE 


y D = 


n pe 

912EI 


i ◄ 


324 El 912EI 


yE - 


19PE 

912EI 


f ◄ 
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PROBLEM 9.141 

For the beam and loading of Prob. 9.126, determine the magnitude and 
location of the largest downward deflection. 


SOLUTION 


+>M, 


-R a L + 


PL 


PL 

4 



+ )ZM a = 0: -^- + P^- + R b L = 0 R B =^Pi 
Draw V (shear) diagram and Ml El diagram. 


A = 


A 2 — 


A 3 — 


A = 


V’ 


1 PL Y L 
v 8 El \2 

}_(}_PL)f L 
2^8 El 

\( i plY l 

16 El Jtl2 

J_PZ,Y L ^ 

16 El 


1 PC 
32 El 

1 PL 2 
96 El 




^ J 


1 PL 1 
384 El 

1 Pi} 

128 El 


Place reference tangent at A. 


*BIA 


I PL 2 '' 


32 El 


2 L 


' i pi} Y l 

v 96 ~EI J{2 


--1 
3 6 y 


+ 


1 PC- \ 

384 El 


L 
\ 4 


J_ J 5 

48 + 216 6912 


IA 

3 12 


1 

768 


_ 

El 


1 PL 2 ] 
128 El y 

3 PL 3 
" 128 El 


2 2 IC 

U'4 J 


t_BLA _ ^ PL 2 

L 128 El 


V 
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w 0 


^-r-rT TTTTTTT^ 


PROBLEM 9.142 


-L/2- 


B For the beam and loading of Prob. 9.128, determine the magnitude and location 
- of the largest downward deflection. 
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1 

40 kN 

20 kN 

PROBLEM 9.143 

4 

£P=! 

f D t 

For the beam and loading of Prob. 9.129, determine the 





| W250 x 44.8 magnitude and location of the largest downward deflection. 


*1.5 m* 

* 1.5 m > 



SOLUTION 




Referring to the solution to Prob. 9.129, 


El = 14,160 kN • m 2 


R a = 40 kN, 


4 = 


45 

El 


742.5 


l B/A 


m 


0 . 4 = ~ 


El 
123.75 

El 


Let K be the location of the maximum deflection. Assume 
that K lies between C and D. 


Ok ~ 0 a + 0 , 


K!A 


123.75 

El 

123.75 


+ . 4 | + A 4 


El 

123.75 - 45 


45 60 u . 

+ — + = 0 

El El 


60 

1 .5 + u : 


1.3125 m 


2.8125 m 


‘K/4 


A, (u + 0.5) + A 4 


—u 

2 


45 (60)(1 .3 1 25) (l) (1 .3 1 25) 

= —(1.8125) + — 4112 L 

El El 


133.242 

El 


yK 


X k 

t K!A J-^/A 

133.242 _ 2.8125 ( 742.5 
El 6 { El ) 

-15.17 xl0" 3 m 


214.80 _ 214.80 

El ~ 14,160 


y K = 15.17 mm 4- -4 

x K = 2.81 m 4 
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5 kips/ft 


8 kips/ft 


D' 


3F 


2 ft 


-4 ft- 


-4 ft- 



W12 X 26 


PROBLEM 9.144 

For the beam and loading of Prob. 9.132, determine the magnitude 
and location of the largest downward deflection. 


SOLUTION 

From the solution to Prob. 9.132, 


Slope at E . 


El = 41,083 kip -ft 2 
R a =18.4 kips 
A, =331.2 kip -ft 2 
A 3 =-53.333 kip -ft 3 
6 , = -5.3096 x 10“ 3 


-®A + Q El A 

n If, . ) _ 278.767 

Or /a — ] Ai + A 3 1 — 

E/A EI ( 1 31 410g3 



= 6.7855 xl(T 


0 E =1.4759x10 


-3 


Since 0 E > 0, the point K of zero slope lies to the left of point E. Let x K be the coordinate of point K. 


^6 “ 2 ^ A X K - 9-2 X K 

A 7 =-E 5)(x k -2) 3 
o 

®K = @A + ®KIA = @A + + ^ 7 ) = ® 

a 6 + a 7 +EIO a =0 

f(x K ) = 9.24 - 1 (x K - 2) 3 - 2 1 8. 1 34 = 0 
6 

-^ = 18.4x Jf -2.5(^-2) 2 
dx K 
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PROBLEM 9.144 (Continued) 


Solve for x K by iteration. 


X K ~ ( X k ) 0 


/ 


df/dx K 


X K 

5 

5.1473 

5.1525 

f 

-10.634 

-0.362 

0.001 

dfldx K 

72.2 

70.131 



x K =5.1525 ft 


A 6 = 244.244 kip • ft 2 , A 1 = -26.108 kip • ft 2 


Maximum deflection. 


y a - yK + ^ aik - o y K - 


AIK 


- 2 _ _ 3 , _ x 3x^ + 2 

^6 =~ X K X 7 = 2 + -(% “2) = 


1 725 033 

= { AJc 6 + A 1 x 1 ) = = -1 7.648 x 1 0" 3 ft 

7 EI l 6 6 1 11 41,083 


y K 


= 0.212 in. 4 ◄ 
x K =5.15 ft ◄ 
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i 

k 150 lb 3001b 



PROBLEM 9.145 

A 

D E ' 

f 

B 

V 

For the beam and loading of Prob. 9.135, determine the largest 


3 

it 


upward deflection in span DE. 

^ 

[< 24 in. ^ 





4 in. 

6 in. 





SOLUTION 


Units : Forces in lbs; lengths in inches. 

From the solution to Prob. 9.135, 


Multiply bylO 3 


EI = 450.4 xlO 3 lb -in. 

^- = 1.33215 xl(T 3 in." 1 
El 


w/ex 


M 2 

El 


-3.99645x10 3 in.' 1 


Location of maximum deflection. 


0 D =5.3286x10“ 


u 

24 


m 3 

.Me- 

(" 

~EJ 

et 

m 4 

m 2 

u 

EI ’ 

" EI 

24 





A, = • u = 0.666075 x 10 “ 3 m 

5 2 El 


A=~— 

% 2 EI 




V 24y 

1 M 4 u 

2 £7 24 


= 0.666075x10'" | 1-— \u 


A 7 = 3. — = -1.998225x10 

@k = @d + A 5 + A 6 + A 7 = 0 
5.3286 + 0.666075n + 0.666075 


,-3 


/ \ 


v24y 


'l-JL' 

24 / 


u - (1.998225)— w = 0 


5. 3286 + 1. 33215w-0.1110125m 2 =0 


m = 15.16515 in. 


^ = 10.101 13x10“ 


A 6 =3.71842x10 


-3 


-19.14814x10 


-3 


Maximum deflection in portion DE . y D = y K + t D/K = 0 


y K 


l D/K 




V D J 


+ A 6 


2 u'] 

+ An 

3 7 


2 u 


-{-0.1049} 


y K = 0.1049 in. A 
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40 kN/m 


160 kN 



I 

W410 X 114 


4.8 m 


1.8 m 


PROBLEM 9.146 

For the beam and loading of Prob. 9.138, determine the largest 
upward deflection in span 
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PROBLEM 9.146 (Continued) 


Locate Point K of maximum deflection. 


&K ~&A + &KIA ~ 0 

eio a + 4 + 4=0 


-i 20 t 

/ = 46.08 + 184 -y 4 


— = 36 *^ -20x1 

dx 


Solve by iteration. 


X K ~ ( X k ) 0 


/ 

df/dx 


X K 

3 

3.39 

3.327 

3.3251 

3.32514 <- 

df/dx 

-72 

-107.8 

-101.6 

-101.42 


f 

28.08 

-6.78 

-0.188 

0.005 



Place reference tangent at K. 


yA=y K +t . 


AIK 


y A ~y K =-* 


a/k 




El 
170.064 
92,400 


+ A o 


= -1.841 xlO -3 m 



=1.841 mm A 
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PROBLEM 9.147 

For the beam and loading shown, determine the reaction at the roller 
support. 


SOLUTION 

Remove support A and treat R A as redundant. 
Draw the Ml El diagram by parts. 


Place reference tangent at B. 


A 


L l Ml = ML 

2 El 2 El 


1 L PL 


Al 22 2 


PL 

8EI 


y a - yB + t A /B 

{ A/B = 0 


( 2L\ A 

(L L \ 

I — + A 2 


l 3 J 

U 3 J 

r a l 3 

5PL 3 

2 El 

48E1 


= 0 



R a =— Pt ◄ 
A 16 
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PROBLEM 9.148 

For the beam and loading shown, determine the reaction at the roller 
support. 


SOLUTION 

Remove support B and treat R B as redundant. 
Draw Ml El diagram. 


Place reference tangent at A. 


R a L 




1 2 El 2EI 


MqL 


A - h. M 0 Z 

2 l' El 2EI 


yB - yA + + 1 bia - 0 

f BIA = 0 


A 


2 L 

T 


■| + ^2 

(L 

L\ 

=0 

- + - 

J 

u 

4 ) 


R a 1} 

3M 0 Z 2 

=0 


3EI 8 El 


M/£r 



El 


r a = 


9 ^ 

8 L 


◄ 
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w 0 

PROBLEM 9.149 


— t — y rTTT \ \ \ \ \ ' 

B For the beam and loading shown, determine the reaction at the roller 
— support. 

A 33 

| < L > 



SOLUTION 


Remove support B and treat R B as redundant. 
Replace loading by equivalent shown at left. 
Draw Ml El diagram for load w 0 and R B . 

Use parts as shown. 


A 

m 2 

^2 

m 3 

A 


(r b lY 1 r b l 2 
EIJ 


2 El 


1 T 2 

— w 0 L 
2 0 


1 w 0 E 


2 A 


2 El 


r 1 Wpl 3 

6 El 


— — Z? = — w 0 Z? 

6 L 6 0 

z'. .2 \ 


1 w 0 Z' 


6 El 


L _ 1 


24 El 


Place reference tangent at^t. 


L B!A 


-A 


(2 ) 


(3 N 


f 4 \ 


+ A 2 


| + ^3 

h L ) 


IRbB 


i w 0 r 


+- 


i w n r 


3 El 8 El 30 El 


R = — w n Z t 
5 40 0 



M/et 




R b = 0.275 w 0 L T ◄ 
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VO 



-L/2 


-L/ 2 


PROBLEM 9.150 

For the beam and loading shown, determine the reaction at the roller 
support. 


SOLUTION 


Remove support A and treat R A as redundant. 
Draw M/EI diagram for loads R A and w. 


Place reference tangent at B. 


M 0 = — w 
2 2 


A x =- 
1 2 


A 2 =- 
2 3 


L 

v2y 
\ 


= --wL 2 
8 


M 

EI j 


L = - 


1 RX 


1 wL 


8 EI 


2 EI 

r £\ 1 wL 3 

~2 


48 EI 


t AIK ~ A ] 


f2 


f L 3 L' 

—L 

+ A 2 


U J 


[ 2 + 4 2 J 


1 R A E 1 wL 4 


3 EI 384 EI 


= 0 


R a = wL 

128 



R 


A 


—j—wL T 
128 


◄ 
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M 0 

~a r 


PROBLEM 9.151 




; C For the beam and loading shown, determine the reaction at each support. 


-L/2- 


SOLUTION 

Choose R b i as the redundant reaction. 

Draw Ml El diagram for the loads R B and M 0 . 

1 


A=~(L) 


M 

3 El 


6EI 


A 2 =- 


a 3 =-(l) 

A=\(L) 


1 

f Z l 

(R b O 

_r b l 2 

2 

u. 

U El) 

\2EI 






El 


M o_L 

2EI 


]_ 

v 3 y 


El 


M 0 _L 
6EI 



A 3 + A 4 + A 5 


1 

f 3C^1 

M °] 

3M 0 L 

2 

l 2 J 

El) 

4 El 


y B - }’/l + L0 a + *B/A 

3L 

y c -yA+Y 0 A + t c/A - 0 


®A - IbiJL 


2 ( BIA + { C/A - 0 


l B/A 


l C /4 


'■(A,) 


= ( 4 ) 


L 

V 3 y 


\ 

f 2C 3 ) „ 

rn 

+ ^4 ^ 

/ 

[ T J^ 4 

1 ^ 


/? B Z? 7 M (] L 2 


18£7 18£7 


L L , 

— i — \ -\~ A - 
2 3 




v J y 


+ (^3 + ^4 + 4)(T) : 


R b E 3M 0 L 2 


6EI 


4EI 


3 M. 

2 B,A C/A 12 El 6EI 

3L 


+>M C =0: m 0+ -R b -—R a = 0 




2 M n 


i ◄ 


^ = 3 Z [Mo+Mo] 

+tlF = 0 : F^+F 5 +F c =0 -^--^- + F c =0 
y 3 LL 


4 M Lt ^ 
3L 


R = 3^o t ◄ 

3£ 
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c 


I 



PROBLEM 9.152 

For the beam and loading shown, determine the reaction at each support. 


-L/2- 


-L/2- 


SOLUTION 

Remove support C and add reaction R c . 


Draw Ml El due to each of the loads P and R c . 


A 12 3 PL PL 1 
A, = — ■ L 


Ay + A 2 


3 SEI 8 El 
1 3 L 3PL 9 PL 2 


2 2 %EI 32 El 


, 1 L 3PL 3 PE 

A, = 


2 2 8 El 32 El 


A ‘-r L 


A 4 +A 5 =-(2L) 


2EI 


R c O 


2E1 


.ML 

A El 


M 

2EI 



Place reference tangent at A. 


yA=° 


}’c - LO a + U 


CIA 


■ 0 


y B — 2 L6 a + tfj /A — 0 


9 . 4 =-— 

4 L 

CIA + h/A = 0 


-2 


, L L 
1 3 4 3 


- 


r L 2 30 

A 2 L A ~ 

+ 

(4 + 4 ) 


+ ^3 * "T ’ ~Z + (^4 + ^5 ) * ^ 

_ 


v 2 3 2 j 

3 2 


= 0 


-2 


PL 


R C L 


2AEI 12 El 
1 1 Pi} 


+ 


M 


32 El 32 El 2 El 


9 PL PL 
+ - 


= 0 


R C L 


3EI 48 El 




R c =— Pt ◄ 
c 16 
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PROBLEM 9.152 (Continued) 


+)EM S = 0: -2 LR a -LR c +^P = 0 


/> 1 3 

R a = R c = P 

4 2 c 32 


+)lM^= 0: 2LR b +LR c -^P = 0 


r b -^r c -^p 

B 4 2 c 32 


ft 






^ ◄ 

32 


R =—pT 4 
B 32 
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PROBLEM 9.153 

A hydraulic jack can be used to raise point B of the cantilever 
beam ABC. The beam was originally straight, horizontal, and 
unloaded. A 20-kN load was then applied at point C, causing this 
point to move down. Determine ( a ) how much point B should be 
raised to return point C to its original position, ( b ) the final value 
of the reaction at B. Use E = 200 GPa. 


SOLUTION 


B 


M ( kNl • r*T) 


T 


20kH| 

=Jc 


'B 




For W130 x 23.8, I x = 8.91 x 10 6 mm 4 

El = (200 x 10 6 kPa)(8.91 x 10“ 6 m 4 ) = 1782 kN • m 2 

Let R b be the jack force in kN. 

4 = 2(1.8K*)(1.8) = 1.6274 
4 = 2 (-60X3) = -90 kN • m 2 

Eltcu = (2-4)4 + (2)4 

0 = (2.4)(1.627? 5 ) + (2)(-90) 

R b = 46.296 kN 
4 = 75 kN • m 2 

4 = 2 (-60X1.8) = -54 kN • m 2 

4 = 2(-24)(1.8) = -21.6 kN • m 2 

EIt BIA = (1.2)4 + (1-2)4 + (0-6)4 

= (1.2)(75) + (1.2)(-54) + (0.6)(-21.6) 

= 12.24 kN • m 2 


(a) Deflection at B . 

(b) Reaction at B . 


yB ~ hi a 


El hi a 
El 


12.24 

1782 


= 6.8687 xl0“ 3 m 


y B = 6.87 mm T 4 
R b = 46.3 kN t ◄ 
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30 kips 

1 

10 kips 

PROBLEM 9.154 


A D} 

\ i 

\e 

B Determine the reaction at the roller support and draw the bending 

1 




moment diagram for the beam and loading shown. 

W14 X 38 


-*-4.5 ft-»- 

"3 ft" 

^4.5 ft' — 




-12 ft- 




SOLUTION 


Units: 




V\(lup^L 



Forces in kips; lengths in feet. 

Let R b be the redundant reaction. 


Remove support B and add load R B . 

Draw bending moment diagram by parts. 

M x = 12 R b kip • ft 

M 2 = -(4.5 + 3)(10) = -75 kip • ft 

M 3 = -(4.5)(30) = -135 kip • ft 

A, = -f (1 2)(1 2R b ) = 12R b kip -ft 2 
A 2 =2(7.5X-75) = -281.25 kip -ft 2 
A 3 =2(4.5)(-135) = -303.75 kip -ft 2 

}'B=yA + 12 &A +hlA =0 

hi a = 0 

t B ,A = -L {(72i? s )(8) + (-281 .25)(4.5 + 5) + (-303 .75X7.5 + 3)} = 0 

576^-5861.25 = 0 = 10.18 kips t ◄ 

Draw shear diagram working from right to left. 

B to E\ V = -R b =-10.176 kips 
E to D : V = -10.184 + 10 = -0.176 kips 
DtoA: V = -0.176 + 30 = 29.824 kips 
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PROBLEM 9.154 (Continued) 


Areas of shear diagram. 

A ad = (4.5)(29.824) = 134.21 kip • ft 
A de =(3)(— 0. 176) = -0.53 kip -ft 
A eb = (4.5)(-10.176) = 45.79 kip • ft 


Bending moments. 

M A = M x + M 2 + M 3 = -87.888 kip • ft 

M a = -87.9 kip • ft ◄ 


M d = M a + A ad = 46.322 kip • ft 

M d - 46.3 kip • ft <4 


M e = M D + A de = 45.792 kip • ft 

M e = 45.8 kip - ft ^ 


M B = M E + A eb = 0 

to 

II 

O 

▲ 
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PROBLEM 9.155 

For the beam and loading shown, determine the spring constant k for which 
the force in the spring is equal to one-third of the total load on the beam. 


SOLUTION 

Symmetric beam and loading: 
Spring force: 


Draw M/EI diagram by parts. 


Place reference tangent at B. 


R c - Ra 


F =-(2wL) = -wL 
3 3 


+ \ — b : R^ + F — 2wL + Rq — 0 

2 

R , = R r = —wL 


A=~ 
1 2 


2 wL 


2 A 


v 3 m J 


_ 1 wlf 

L/ — 


a 2 = — 

2 3 


1 wL 


2 \ 


V 2 EI J 


3 EI 


L--- wL 


6 EI 


0 B = 0 


~ { A/B 

f 2 3 A 

A , • L + A 2 -L 


_ 7 wT_ 

72 EI 

F=-ky B 
k = _H = J wL 


V „ J-JSC 

SB 72 EI 



M/£J 



k 


48 EI 
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PROBLEM 9.156 

For the beam and loading shown, determine the spring constant k for which 
the bending moment at B is M B = -wL 2 / 10. 
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A 


x 


L 


PROBLEM 9.157 

For the loading shown, determine (a) the equation of the elastic curve 
for the cantilever beam AB , ( b ) the deflection at the free end, (c) the 
slope at the free end. 


SOLUTION 



+| HFy = 0 : 
1 


R, 


wL = 0 


1 


r a = ~ W 0 L 



= 0 


M = WnL H WnLx 


WqX_ 

6L 


„ T d y 1 r2 1 r w 0 x 

dx 1 2 3 0 2 0 6L 


3 


dy 


1 


1 


WnX 


El— = - — Wr)Lf x + — w () Lx z - — — 
dx 3 0 4 0 24 L 


+ Ci 


o,ife.o 

dx 


0 — —0 + 0 — 0 + Cj 

,5 


1 22 1 

Ely = — w n L x h WnLx'* - 

6 0 12 0 120Z 


2_2 , 1 _ j _3 + ^ 


[x = 0 , y = 0] : 


( a ) Elastic curve: 


0 — —0 + 0 — 0 + 0 + c 

y = - 


C x = 0 


C 2 = 0 


EIL 


1 t 3 2 1 T 4 1 

— L X Lx H X 

6 12 120 J 
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L 


x 


PROBLEM 9.158 

(a) Determine the location and magnitude of the maximum deflection of 
beam AB. ( b ) Assuming that beam AB is a W360 x 64, L = 3.5 m, and 
E = 200 GPa, calculate the maximum allowable value of the applied 
moment Mq if the maximum deflection is not to exceed 1 mm. 
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PROBLEM 9.158 (Continued) 


Solving for M 0 , 
(b) Data: 


M 0 

E 

L 


Efyjn 

0.06415 L 2 

200 x 10 9 Pa, / = 178 x 10 6 mm 4 =178xl0“ 6 m 4 
3.5 m y m =lmm = 10 _3 m 

(200 x 10 9 )(1 78 x 10~^)(10~ 3 ) _ 4 g 3 x 10 3 N . m 
(0.0641 5)(3.5) 2 


M 0 = 45.3 kN • m ◄ 
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SOLUTION 

Boundary conditions at A and B are noted. 


w = ^(4 Lx - 4x 2 ) 
L 2 


dV Wr. . . 2 „ r X 

= -w = ~r(4x z - 4Lx ) 

dx L 2 


dM y w 0 
dx Lr 


-x 3 - 2 Lx 2 
3 


+ G 


M=^ 


i-x 4 - — Lx 3 
v3 3 


+ C^x + C2 


[x = 0, M = 0] 0 = 0 + 0 + 0 + C 2 

[x = L, M = 0] 0 = -^-Cl 4 - | + QL + 0 


C, = 0 


Q - 


ei Lz, m ^ 

dx 2 L 1 


1 4 2 3 1 3 

—x Lx H — Lx 

v 3 3 3 


dx L 

E, y = f 


[x = 0, y = 0] 
[x = Z, y = 0 ] 


— x 5 - -Lx 4 + -L 3 x 2 I + C 3 
15 6 6 1 3 


-Zjc 6 _ ± Lx 5 + ± £ 3 x 3 

90 30 18 


+ C3X + C4 


0 — 0 + 0 + 0 + 0 + C4 

^1 1 1 

— L 6 L 6 + — L 6 | + C„L + 0 

90 30 18 


0 = ^ 


c 4 = 0 

1 3 

C'l — Wr\L 

3 30 0 


(a) Elastic curve . 


w. 


0 


Z7Z 2 l 90 


1 


— Lx 5 + — L 3 x 3 
30 18 


— L 5 x 
30 , 


w. 


dy 


dx EIL 1 


'0 


^ 1 5 1 , 4 1 ,3 2 

— x Lx + —Lx 

v 1 5 6 6 


— L 5 
30 
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PROBLEM 9.159 (Continued) 


( b ) Slope at end .4 . 


(c) Deflection at midpoint . 


Set x = 0 



Set x = — in y. 
2 


dy _ 1 w 0 Z 3 

dx A 30 El 


0 A 


\ w 0^ 3 \ j ^ 
30 El ^ 


7c = 


w 0 L 4 

El 



mm 5 

v 30y v 2y 




30 






w 0 L 4 f 1 1_ _1 l_) 61 w 0 Z 4 

£7 [5760 960 + 144 60 J 5760 £7 


61 w 0 £ 4 
5760 El 


i ◄ 
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I 


- L/2 - 


- L/2 ■ 


[ x = 0, y = 0] 
dy_ 
dx 


x = 0 , = 0 


x = K ^=0 

2 dx 


PROBLEM 9.160 

Determine the reaction at A and draw the bending moment diagram for 
the beam and loading shown. 
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12 kN/m ' r 


A 1= 


20 kN 


D 




PROBLEM 9.161 

For the beam and loading shown, determine (a) the slope at 
end .4, (b) the deflection at point C. Use E = 200 GPa. 


0.4 m 


■0.8m- 


W150 X 13.5 


0.4 m 


SOLUTION 


1 


u 

20 

r 


O 

i 

it 

< — bH >'i — s* 


Units : Forces in kN, lengths in m 

+)M d = 0: 


\D 


-1.6 R a + (9.6)(0.8) + (20)(0.4) = 0 

o , „\0 . 


R a = 9.8 kN 


w(x) = 12 (x - 0.4} - 12 (x - 1.2) kN/m 
E- = -w(x) = -I2(x - 0.4)° + 12 (jc - 1.2)° kN/m 


dM 

h 

d 2 y 
dx 2 

EI— = 4.9x 2 - 2(x - 0.4) 3 + 2(x - 1.2> 3 -\0(x- 1.2> 2 + C, 


EI 


= V = 9.8 - 12(x - 0.4)' + 12(x - 1.2) 1 - 20(x - 1.2)° 
= M = 9.8x - 6(jc - 0.4) 2 + 6(x - 1.2) 2 - 20(x - 1.2) 1 


kN 

kN • m 
kN-m 2 


1 


10 


Data: 


Ely = 1.63333.T - -(x - 0.4 > 4 + -(x - 1.2 ) 4 - —(x - 1.2> 3 + C x x + C 2 kN • nU 
[x = 0, 32 = 0] : 0 — 0 + 0 — 0 + 0 + C 2 = 0 C 2 = 0 

[x = 1.6, 7 = 0]: (1. 63333X1. 6) 3 - ^-(1.2) 4 + 4.(0.4) 4 - y(0.4) 3 + Q(1.6) + 0 = 0 

C, = -3.4080 kN • m 2 

E = 200 x 10 9 Pa, / = 6.83 x 10 6 mm 4 = 6.83 x 10 _6 mm 4 
EI = (200 x 10 4 )(6.83 x 1(T 6 ) = 1.366 x 10 6 N • m 2 = 1366 kN • m 2 


(a) Slope at .4 . 


£ at * = 0 

dx 


dy 


£7 — = 0- 0 + 0- 0- 3.4080 kN • m 2 
dx 


0.4 =- 


3.4080 = _ 2,49 xl0~ 3 rad 
1366 


6k = 2.49 x 10" 3 rad ◄ 
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w 0 = 9 kips/ft 



PROBLEM 9.162 

For the beam and loading shown, determine (a) the reaction at 
W19 x 40 P°i nt ^ (£) the deflection at point B. Use E = 29 x 10 6 psi. 
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W10 X 30 


PROBLEM 9.163 

Beam CE rests on beam AB as shown. Knowing that a W10 x 30 
rolled-steel shape is used for each beam, determine for the loading 
shown the deflection at point D. Use E = 29 x 10 6 psi. 


SOLUTION 



For W10 x 30, 7 = 170 in 4 


EI = (29 x 10 6 )(1 70) = 4.93 x 10 9 lb • in 2 = 34,236 kip • fit 2 
Beam AB : 15 kip downward loads at C and E. 

Refer to Case 5 of Appendix D. 


Loading I : (Fc)i = “ 


Pa 2 b 2 


3EIL 

with a = 2 ft, b = 10 ft, L = 12 ft 


(y c \ = - 


(15)(2) 2 (10) 2 

(3X34,236X12) 


= -4.8682 x 10“ 3 ft 


Loading II : 
with 


Pb\x 2 -(L 2 -b 2 )x\ 

(7c)2 ~ 6 eE 


b = 2 ft, 


2 ft, L = 12 ft 


CVc) 2 — 


(15)(2)[2 3 - (12 2 - 2 2 )(2)] 
(6)(34, 236)02) 


= -3.3104 x 10“ 3 ft 


yc = (yc ) i + (ych = -8.1786 X 10 3 ft 
By symmetry, y E = y c 
Beam CDE \ 30 kip downward loads at D. 
Refer to Case 4 of Appendix D. 


with 


yD/c 

P = 30 kips and 


PL 3 
48 EI 

L = 8ft 


Total deflection at D. 


(30)(8) 3 

(48)(34,236) 


= -9.3469 x 10“ 3 ft 


y D = yc + yD/c = 17.5255 x 10 3 ft 


y D = 0.210 in. 4- 4 
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PROBLEM 9.164 

The cantilever beam BC is attached to the steel cable AB as shown. 
Knowing that the cable is initially taut, determine the tension in the 
cable caused by the distributed load shown. Use E = 200 GPa. 


SOLUTION 

Let P be the tension developed in member AB and S B be the elongation of that member. 

A = 255 mm 2 = 255 x 10“ 6 m 2 

PL _ (P)( 3) P 


Cable AB: 


8 B - 


EA (200 x 10 9 )(255 x 10 -6 ) 


= 58.82 xlO~ 9 P 


Beam i?C: 


/ = 156xl0 6 mm 4 = 156x1 O^m 4 
El = (200x 10 9 )(156 x 10" 6 ) 


= 31.2x 10 6 N • m 2 


Loading I : 20 kN/m downward. 

Refer to Case 2 of Appendix D. 

(Lb) i = — 


wL 4 


(20xl0 3 )(6) 4 


8 El (8)(31.2xl0 6 ) 


= -103.846 xl0“ 3 m 


Loading II : Upward force P at point B. 

Refer to Case 1 of Appendix D. 


0^)2 ~ 


PL 5 


P{ 6) 3 


3 EI (3)(31.2 xlO 6 ) 

By superposition, y B = (y B ), + (y B ) 2 

Also, matching the deflection at B , 

T5 = ~^B 

-103.846 x 10“ 3 + 2.3077 x 10“ 6 P = -58.82 x 10 ~ 9 P 


= 2.3077 xlO -6 / 5 


2.3666 x 10 -6 / 3 = 103.846 x 10 


i-3 


BL__ 


201c 

TT TTTin 


)A 






P = 43.9x10 3 N 
P = 43.9 kN ◄ 
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P 

15 kips 

P 

PROBLEM 9.166 

1 

r r ¥ n ^ 

f 


A 



E 

Knowing that P = 4 kips, determine ( a ) the slope at end A , 


J- 

c A 


3 (b) the deflection at midpoint C of the beam. Use E = 29 x 10 6 psi. 

W o X lo 



5 ft > < 5 ft 4* — 



3 ft 

' ' 3 ft 




SOLUTION 

4 k»p6 
8 


i 


5 V:\ps 


C -^Aj 

43ft U-5R--f 


I, 


hA/ET 



\ 2,5 

EX 


IZ 

EX 


Place reference tangent at C. 9 C = 0 


E = 29 x 10 3 ksi 7 = 39.6 in 4 
El = (29 x 10 3 )(39.6) = 1.1484 x 10 6 kip • in 2 

= 7975 kip • ft 2 
Symmetric beam and loading: 

R a = R b = P + 2.5 = 4 + 2.5 = 6.5 kips 
Bending moment: 

Over AB: M = -Px = -4x 

Over 5C: M = -4x + 6.5 (x - 3) 

= 2.5(x - 3) - 12 


M 

Draw — diagram by parts. 


J. f 12.5 
2 






EI 

12 _ 

El 


(5) 


31.25 


(3) = - 


EI 

18 


El 


12 _ 

El 


(5) - - “ 
El 


(a) Slope at A . 0 A = 9 C - d C!A = 0 - (A l + A 2 + A 3 ) 


0.4 


31.25 18 

El El 



46.75 _ 46.75 
El ~ 7975 


(b) Deflection at C . y c = -t B/c 

= ~(AX\ + A 3 x 3 ) 

45.833 

El 


f 


\ 


31.25 

l El J 


2 > 
3 (5) 

■J y 


^60 aa 


v £/ y 


i <5) , 


6^ = 5.86 x 10 3 rad ^ -4 


45.833 

7975 


= 5.7471 xlO -3 ft 


= 0.0690 in.T ◄ 
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1 

J 

p PROBLEM 9.167 

A B ' 

r c ' 

D For the beam and loading shown, determine (a) the slope at point A, 
(b) the deflection at point D. 

r— L/2 — ► 

kk 

L/2 — *]r* — L/2 — 


SOLUTION 



M/ET 



+)lM c = 0 : 


- R A L + P-- P— = 0 

A 2 2 


R a =0 


Draw 


El 


diagram. 


A 

a 2 


1 f PL 
~2\2EI 


f-1 

UJ 


PL 

2EI 


f-1 

v2 y 


1 PI? 
8^£7~ 

1 PI? 
8 El 


Place reference tangent at A. 


t C! A 




1 Pi} 
48 ~EI 


(a) Slope at A . 



Oa 


1 PL }_ . 
48 "eT 


(b) 


Deflection at D. 


t D!A 



y D = * 


D/A 


L 


l Ct A 


r 2 

L\ 

1 Pi} 


A 

2 y 

8 

El 


l 

Pi} 


1 

Pi} ' 

8 

El 

UJ 

48 

El) 


- 3 PLi 
y ° ~ 32 El 


◄ 
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5 x 


W310 X 44.5 


PROBLEM 9.168 

Determine the reaction at the roller support and draw the bending 
moment diagram for the beam and loading shown. 


SOLUTION 


Units : Forces in kN; lengths in meters. 
Let R a be the redundant reaction. 


Remove support at A and add reaction R A T . 

Draw bending moment diagram by parts. 

M x = 3.6 R a kN-m 

M 2 = —(75X0.3 + 2.4) = -202.5 kN • m 

M 3 =-I(40)(2.4) 2 =-115.2 kN-m 

4 =^(3.6)(3.6/?a = 6.48 kN-m 2 

A 2 = 2(2.7X-202.5) = -273.375 kN • m 2 

4 = L(2.4X— 1 15.2) = -92.16 kN-m 2 

Place reference tangent at B , where 

6 B = 0 and y B = 0. 



Then 


JU “ ^AIB ~ ^ 


t A! B ~ 


El 

El 


\(2 1 


( 2 

( 3 1 

1 

-•3.6 

A x + 


0.9 + 0.3 + --2.4 

aA 

U J 


l 3 ) 2 

l 4 J 

J 


(15.552/^ -1014.5925} = 0 


R a = 65.24 kN 


7?, = 65.2 kN T 4 
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PROBLEM 9.168 (Continued) 


Draw shear diagram. 


A to D: V 
D to E : V 
E to B: V 
At B, V B 

Bending moment diagram . M A 

M d 

m e 

m b 


R a = 65.24 kN 
65.24 -75 = -9.76 kN 
—9.76 — 40 (jc — 1 .2) kN 
-105.76 kN 

0 

M a + 58.72 = 58.72 kN • m 
58.72 -2.93 = 55.79 kN-m 
55.79 - 138.62 = -82.83 kN • m 


V(kKH 



M d =58.7 kN-m ◄ 
M b =-82.8 kN-m ◄ 
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PROBLEM 9. Cl 

Several concentrated loads can be applied to the cantilever beam AB. 
Write a computer program to calculate the slope and deflection of beam 
AB from x = 0 to x = Z, using given increments Ax. Apply this program 
with increments Ax = 50 mm to the beam and loading of Prob 9.73 
and Prob. 9.74. 


SOLUTION 

For each load, enter 

Compute reaction at A . 


p c • 


For i = 1 to number loads 


r a ~ r a + R i 


m a= m a~ p , c , 


Compute slope and deflection . 

Using method of integration starting with x = 0 and updating through increments, superpose: 
( 1 ) Due to reaction at A : 


(2) Due to each load with 


0 = QJEI)(R a x 2 I2JQ + M a x) 
y = (l/£'/)(i? /1 x 3 /6.0 + M a x 2 1 2.0) 


c, < x: 


0 = -(l/EI)(P i /2.O)(x-c i Y 

y = -(l/EI)(P i /6.0)(x-c i ) 3 

At X = 0, y = — = 0 
dx 




H 


fin 


r* 








.*. The constants of integration equal zero 
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PROBLEM 9.C1 (Continued) 


Program Output 

Problems 9.73 and 9.74 


At A: 

Force = 6.0 kN 

Couple = -6.0 kN 

X 

Slope 

Deflection 

m 

Radians 

m 

0.00 

0.000000 

0.000000 

0.05 

-0.000578 

-0.000015 

0.10 

-0.001126 

-0.000057 

0.15 

-0.001645 

-0.000127 

0.20 

-0.002134 

-0.000221 

0.25 

-0.002594 

-0.000340 

0.30 

-0.003024 

-0.000480 

0.35 

-0.003424 

-0.000642 

0.40 

-0.003794 

-0.000822 

0.45 

-0.004135 

-0.001021 

0.50 

-0.004447 

-0.001235 

0.55 

-0.004728 

-0.001465 

0.60 

-0.004980 

-0.001708 

0.65 

-0.005203 

-0.001962 

0.70 

-0.005395 

-0.002227 

0.75 

-0.005558 

-0.002501 

0.80 

-0.005699 

-0.002783 

0.85 

-0.005825 

-0.003071 

0.90 

-0.005936 

-0.003365 

0.95 

-0.006033 

-0.003664 

1.00 

-0.006114 

-0.003968 

1.05 

-0.006181 

-0.004275 

1.10 

-0.006233 

-0.004586 

1.15 

-0.006270 

-0.004898 

1.20 

-0.006292 

-0.005213 

1.25 

-0.006299 

-0.005527 
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3.5 kips/ft 

PROBLEM 9.C2 

D ^ 


r S? The 22-ft beam AB consists of a W21x62 rolled-steel shape and 

supports a 3.5-kip/ft distributed load as shown. Write a computer 
program and use it to calculate for values of a from 0 to 22 ft, using 
1 -ft increments, ( a ) the slope and deflection at D , ( b ) the location and 
magnitude of the maximum deflection. Use E - 29 x 10 6 psi. 

t- 

- 

22 ft 


SOLUTION 


Enter load w, length L, a. 

Compute reaction at A . 

R a = w(L - a) 2 / (2.0 L) 

Compute slope and deflection at D . 

Using singularity functions, 

C, = — -(L-a) 4 --R A L 2 
1 24 L 6 

9 = (l/EI)(R A a 2 /2.0 + C X ) 
y = (l/EI)(R A a 3 / 6.0 + Qa) 

EI^ = R A x-^{x-a ) 2 

ax 2 

EI— =—R a x 2 - — (x-a) 3 +Cj 
dx 2 6 

Ely = - R A x 3 - — <x - a) 4 + C , x + C 7 
6 24 1 2 


From boundary conditions, 


Maximum y at 0 = 0: 


C 2 =0 

C, = — -(L-a) 4 --R A L 2 
1 24Z 6 


I o W i 

0 = —R a x 2 (x-a) 3 +Cj 


Tf* v 5^ // 
11 A max 


+ Q =0 


-2.0 C, 


max * D 

V 

Tmax — r ^T^rr 

6 
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PROBLEM 9.C2 (Continued) 


Compute location and magnitude of maximum deflection . 

Assume x< A: x max = (-2.0 C X IR A ) V2 


If x max < a , then 


y max =(l/EI) 


R A x max + C] x IT 

6 


If x max > a , then 
Begin with x-a 


9 = (l/EI) 


R A X ~^ X ~ Q ^ 


+ c x 


Increase x by small amount until 6 is approximately 0 

3V ax = (1 !EI)[±R a J -^(x - a) 4 + C t x 


Program Output 


a 

ft 

e D 

Radians 

y D <P 

in. 

X m 

ft 

ym 

in. 

0. 

-0.00580 

0.000000 

11.000 

-0.478290 

1. 

-0.00569 

-0.068758 

11.008 

-0.475922 

2. 

-0.00539 

-0.133047 

11.030 

-0.468860 

3. 

-0.00494 

-0.189440 

11.068 

-0.457231 

4. 

-0.00439 

-0.235551 

11.121 

-0.441245 

5. 

-0.00378 

-0.269927 

11.189 

-0.421192 

6. 

-0.00314 

-0.291944 

11.272 

-0.397443 

7. 

-0.00250 

-0.301695 

11.370 

-0.370441 

8. 

-0.00188 

-0.299889 

11.481 

-0.340699 

9. 

-0.00131 

-0.287738 

11.606 

-0.308795 

10. 

-0.00080 

-0.266855 

11.742 

-0.275364 

11. 

-0.00036 

-0.239145 

11.885 

-0.241090 

12. 

-0.00001 

-0.206699 

12.028 

-0.206700 

13. 

0.00025 

-0.171684 

12.159 

-0.172954 

14. 

0.00043 

-0.136240 

12.275 

-0.140603 

15. 

0.00052 

-0.102374 

12.376 

-0.110339 

16. 

0.00054 

-0.071846 

12.463 

-0.082792 

17. 

0.00049 

-0.046069 

12.537 

-0.058515 

18. 

0.00039 

-0.026001 

12.596 

-0.037987 

19. 

0.00027 

-0.012036 

12.643 

-0.021604 

20. 

0.00014 

-0.003896 

12.675 

-0.009677 

21. 

0.00004 

-0.000530 

12.695 

-0.002431 

22. 

0.00000 

0.000000 

12.702 

0.000000 
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PROBLEM 9.C3 

The cantilever beam AB carries the distributed loads shown. 
Write a computer program to calculate the slope and 
deflection of beam AB from x = 0 to x = L using given 
increments Ax. Apply this program with increments 
Ax = 100 mm, assuming that 1 = 2.4 m, w = 36 kN/m, and 
( a ) a = 0.6 m, ( b ) a = 1.2 m, (c) a = 1.8 m. Use E - 200 GPa. 


SOLUTION 

Enter w, a, L. 

Compute reaction at A . 


R a = wL - 2.0 w a 

M , = — wL 2 - — wa 2 
A 2 2 


h A 


ur 


l i 

' V J 

1 / * A 

A 1 

M 

M 

\ i 




Compute slope and deflection . 

Using equation of elastic curve starting with x = 0 and updating through increments, superpose: 


( 1 ) Due to reactions at A : 


(2) Due to load w: 


(3) Due to load 2 w: 
If x ^ a, 


If x > a, 


6 = (l/EI) 


y = (MEI) 


—R a x +M a x 


-R a x 3 + —M a x 
6 2 


e = -(l/EI) 


v = -(!/£/) 


1 3 

— wx 

6 


24 


- wx 


Ma 


ur 


n n m 


m 




2 or 

CK — >J 


oc 


At x = 0, y = — = 0 
dx 

The constants of 
integration are zero. 


6 = (l/EI) 


y = (MEI) 


-wi 3 

v3 


12 


-wx 


0 = (l/EI) — wx 3 - — w(x -a) 3 
\3 3 

( 1 1 

y = (l/EI) —wx 4 w(x-a) 4 

(12 12 
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PROBLEM 9.C3 (Continued) 


Program Output 


Problem 9.C3 ( a ) a - 0.6 m 

At A : Force = 43.2 kN Couple = -90.7 kN • m 


X 

m 

Slope 

Radians 

Deflection 

m 

0.00 

0.000000 

0.000000 

0.10 

-0.000905 

-0.000046 

0.20 

-0.001762 

-0.000179 

0.30 

-0.002567 

-0.000396 

0.40 

-0.003318 

-0.000691 

0.50 

-0.004009 

-0.001058 

0.60 

-0.004638 

-0.001491 

0.70 

-0.005202 

-0.001983 

0.80 

-0.005703 

-0.002529 

0.90 

-0.006145 

-0.003122 

1.00 

-0.006533 

-0.003756 

1.10 

-0.006868 

-0.004427 

1.20 

-0.007156 

-0.005128 

1.30 

-0.007399 

-0.005856 

1.40 

-0.007602 

-0.006607 

1.50 

-0.007769 

-0.007376 

1.60 

-0.007902 

-0.008160 

1.70 

-0.008006 

-0.008955 

1.80 

-0.008083 

-0.009760 

1.90 

-0.008139 

-0.010571 

2.00 

-0.008177 

-0.011387 

2.10 

-0.008199 

-0.012206 

2.20 

-0.008211 

-0.013027 

2.30 

-0.008215 

-0.013848 

2.40 

-0.008216 

-0.014669 
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PROBLEM 9.C3 (Continued) 


Program Output ( Continued) 

Problem 9.C3 (b) a = 1.2 m 

At A: Force =0.0kN Couple = -51.8 kN -m 


X 

m 

Slope 

Radians 

Deflection 

m 

0.00 

0.000000 

0.000000 

0.10 

-0.000529 

-0.000026 

0.20 

-0.001055 

-0.000106 

0.30 

-0.001574 

-0.000237 

0.40 

-0.002081 

-0.000420 

0.50 

-0.002574 

-0.000653 

0.60 

-0.003048 

-0.000934 

0.70 

-0.003500 

-0.001262 

0.80 

-0.003926 

-0.001633 

0.90 

-0.004323 

-0.002046 

1.00 

-0.004687 

-0.002497 

1.10 

-0.005014 

-0.002982 

1.20 

-0.005301 

-0.003498 

1.30 

-0.005544 

-0.004041 

1.40 

-0.005747 

-0.004606 

1.50 

-0.005913 

-0.005189 

1.60 

-0.006047 

-0.005787 

1.70 

-0.006150 

-0.006398 

1.80 

-0.006228 

-0.007017 

1.90 

-0.006284 

-0.007642 

2.00 

-0.006321 

-0.008273 

2.10 

-0.006344 

-0.008906 

2.20 

-0.006356 

-0.009541 

2.30 

-0.006360 

-0.010177 

2.40 

-0.006361 

-0.010813 
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PROBLEM 9.C3 (Continued) 


Program Output ( Continued) 

Problem 9.C3 (c) a = 1 .8 m 


At A: 

Force =-43.2kN 

Couple = 13.0 kN • m 

X 

Slope 

Deflection 

m 

Radians 

m 

0.00 

0.000000 

0.000000 

0.10 

0.000111 

0.000006 

0.20 

0.000182 

0.000021 

0.30 

0.000215 

0.000041 

0.40 

0.000216 

0.000063 

0.50 

0.000187 

0.000083 

0.60 

0.000133 

0.000099 

0.70 

0.000056 

0.000109 

0.80 

-0.000039 

0.000110 

0.90 

-0.000149 

0.000101 

1.00 

-0.000270 

0.000080 

1.10 

-0.000398 

0.000046 

1.20 

-0.000530 

0.000000 

1.30 

-0.000662 

-0.000060 

1.40 

-0.000790 

-0.000132 

1.50 

-0.000911 

-0.000217 

1.60 

-0.001021 

-0.000314 

1.70 

-0.001116 

-0.000421 

1.80 

-0.001193 

-0.000537 

1.90 

-0.001248 

-0.000659 

2.00 

-0.001286 

-0.000786 

2.10 

-0.001309 

-0.000916 

2.20 

-0.001320 

-0.001047 

2.30 

-0.001325 

-0.001179 

2.40 

-0.001325 

-0.001312 
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PROBLEM 9.C4 

The simple beam AB is of constant flexural rigidity El and carries 
several concentrated loads as shown. Using the Method of 
Integration, write a computer program that can be used to calculate 
the slope and deflection at points along the beam from x = 0 to 
x = L using given increments Ax. Apply this program to the beam 
and loading of (a) Prob. 9.13 with Ax: = lft, ( b ) Prob. 9.16 with 
Ax = 0.05 m, (c) Prob. 9.129 with Ax = 0.25 m. 


SOLUTION 

For each load, enter P i9 a t 
Compute reaction at A . 

For /' = 1 to number loads, 

M A = M A+ P i a i 

Load = Load + P t 

Then 

For Load Pf. 

A 

k X 

Forx> a-, 

Ellf = R A x-P i (x-a i ) 
dx 

ElffRA^fPM-aif + C, 

dx 2 2 

1,1 i 

Ely = —R a x 3 (x - a t y + C 3 x + C 4 



Forx<a z , 


r b =m a /l 


R a = Load - R b 


dy 

El — y = R a x 
dx 2 


EI— = —R a x 2 + Cj 
dx 2 


Ely = —R a x 3 + C x x + C 2 
6 
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PROBLEM 9.C4 (Continued) 


From boundary conditions, 


C 2 =C 4 =0 

Ci=C 3 =A-(L-a t ) 3 ~R A L 2 
6 L 6 


Note: R a for load P i 
Compute slope and deflection . 

Starting with x = 0 and updating through increments, superpose: 
( 1 ) Due to reaction at A : 


6 = (1 /El) 


y = (VEl) 


'l ^ 

X 1 


-R A x 3 

6 A 


(2) Due to loads — constant part: 

1 ? 
Const = — RjL 
1 6 A 


For 1 to number loads, 


Const 2 


1 , 

— P t {L - a t Y + Const 2 
6L 


( 3 ) 


Then total contribution for constant: 

Const = (l/is/XConstj + Const 2 ) 
Due to loads — remaining part: 

Ifx < a i9 


6 = (1 /El) 


( i A 


2.0 




J 


f 


y = (l/EI) 


v 


—R a x 3 

6.0 


If x > a- , 


9 = (1 JEI){ -Pr a x 2 ~P t (x- a,) 2 


v 2.0 

^.O' 


y = (l/EI) P-R A x 3 -J-P,(x-a,) 3 


2.0 

1 

pQ 


\ 

J 

\ 
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PROBLEM 9.C4 (Continued) 


Program Outputs : 

Problem 9.13 


x in. 

<9rad x 10 3 

y in. 

0.00 

-8.2948 

0.000000 

12.00 

-8.0957 

-0.098742 

24.00 

-7.4985 

-0.192705 

36.00 

-6.5031 

-0.277113 

48.00 

-5.1096 

-0.347188 

60.00 

-3.3179 

-0.398151 

72.00 

-1.4267 

-0.426420 

84.00 

0.2654 

-0.433189 

96.00 

1.7585 

-0.420846 

108.00 

3.0525 

-0.391781 

120.00 

4.1474 

-0.348383 

132.00 

5.0433 

-0.293039 

144.00 

5.7400 

-0.228141 

156.00 

6.2377 

-0.156075 

168.00 

6.5363 

- 0.079232 

180.00 

6.6359 

0.000000 
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PROBLEM 9.C4 (Continued) 


Program Outputs ( Continued) 

Problem 9.129 


x m 

6mA x 10 3 

y mm 

0.000 

-8.703 

0.000 

0.250 

-8.615 

-2.168 

0.500 

-8.351 

-4.293 

0.750 

-7.911 

-6.329 

1.000 

- 7.296 

-8.234 

1.250 

-6.505 

-9.962 

1.500 

-5.538 

-11.472 

1.750 

-4.483 

-12.724 

2.000 

-3.428 

-13.713 

2.250 

- 2.373 

-14.438 

2.500 

-1.319 

-14.900 

2.750 

-0.264 

-15.098 

3.000 

0.791 

-15.032 

3.250 

1.802 

-14.706 

3.500 

2.725 

-14.138 

3.750 

3.560 

-13.350 

4.000 

4.307 

-12.365 

4.250 

4.967 

-11.204 

4.500 

5.538 

-9.889 

4.750 

6.021 

-8.442 

5.000 

6.417 

-6.886 

5.250 

6.725 

-5.241 

5.500 

6.944 

-3.531 

5.750 

7.076 

-1.776 

6.000 

7.120 

0.000 
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PROBLEM 9.C4 (Continued) 


Program Outputs ( Continued ) 
Problem 9.16 


x m 

<9rad x 10 3 

y mm 

x m 

<9rad x 10 3 

y mm 

0.000 

-2.490 

0.000 

1.300 

0.146 

-1.972 

0.050 

-2.485 

-0.124 

1.350 

0.293 

-1.961 

0.100 

-2.471 

-0.248 

1.400 

0.439 

-1.943 

0.150 

-2.448 

-0.371 

1.450 

0.586 

-1.917 

0.200 

-2.416 

-0.493 

1.500 

0.732 

-1.884 

0.250 

-2.375 

-0.613 

1.550 

0.879 

-1.844 

0.300 

-2.325 

-0.730 

1.600 

1.025 

-1.796 

0.350 

-2.265 

-0.845 

1.650 

1.172 

-1.741 

0.400 

-2.197 

-0.957 

1.700 

1.318 

-1.679 

0.450 

-2.119 

-1.065 

1.750 

1.460 

-1.610 

0.500 

-2.032 

-1.168 

1.800 

1.593 

-1.533 

0.550 

-1.936 

-1.268 

1.850 

1.716 

-1.451 

0.600 

-1.831 

-1.362 

1.900 

1.831 

-1.362 

0.650 

-1.716 

-1.451 

1.950 

1.936 

-1.268 

0.700 

-1.593 

-1.533 

2.000 

2.032 

-1.168 

0.750 

-1.460 

-1.610 

2.050 

2.119 

-1.065 

0.800 

-1.318 

-1.679 

2.100 

2.197 

-0.957 

0.850 

-1.172 

-1.741 

2.150 

2.265 

-0.845 

0.900 

-1.025 

-1.796 

2.200 

2.325 

-0.730 

0.950 

-0.879 

-1.844 

2.250 

2.375 

-0.613 

1.000 

- 0.732 

-1.884 

2.300 

2.416 

-0.493 

1.050 

-0.586 

-1.917 

2.350 

2.448 

-0.371 

1.100 

-0.439 

-1.943 

2.400 

2.471 

-0.248 

1.150 

-0.293 

-1.961 

2.450 

2.485 

-0.124 

1.200 

-0.146 

-1.972 

2.500 

2.490 

0.000 

1.250 

0.000 

-1.976 
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PROBLEM 9.C5 



The supports of beam AB consist of a fixed support at end A and a 
roller support located at point D. Write a computer program that can be 
used to calculate the slope and deflection at the free end of the beam 
for values of a from 0 to L using given increments A a. Apply this 
program to calculate the slope and deflection at point B for each of the 
following cases: 



L 

M 

w 

E 

Shape 

(a) 

12 ft 

0.5 ft 

1.6 k/ft 

29 x 10 6 psi 

W16 x 57 

(b) 

3 m 

0.2 m 

18 kN/m 

200 GPa 

W460xll3 
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PROBLEM 9.C5 (Continued) 


Due to R d : 




Pa 2 
2 El 


y B = 


Pa 2 

3EI 


+ ( L — ci ) 


Par 

2EI 


Program Output 

Problem 9.C 5(a) 


a ft 

6 b rad x 10 3 

y at B in. 

0.0 

-3.019 

-0.3260 

0.5 

-2.743 

-0.2869 

1.0 

-2.483 

-0.2511 

1.5 

-2.238 

-0.2183 

2.0 

- 2.007 

-0.1885 

2.5 

-1.790 

-0.1614 

3.0 

-1.586 

-0.1369 

3.5 

-1.395 

-0.1149 

4.0 

-1.216 

-0.0953 

4.5 

-1.049 

-0.0778 

5.0 

-0.893 

-0.0624 

5.5 

-0.748 

-0.0490 

6.0 

-0.613 

- 0.0374 

6.5 

-0.488 

-0.0274 

7.0 

- 0.373 

-0.0191 

7.5 

-0.266 

-0.0122 

8.0 

-0.168 

-0.0067 

8.5 

- 0.077 

-0.0025 

9.0 

0.006 

0.0006 

9.5 

0.082 

0.0027 

10.0 

0.152 

0.0037 

10.5 

0.216 

0.0039 

11.0 

0.274 

0.0033 

11.5 

0.328 

0.0020 

12.0 

0.377 

0.0000 
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PROBLEM 9.C5 (Continued) 


Program Output (Continued) 

Problem 9 .C5(b) 


a m 

Ob rad x 10 3 

v at B mm 

0.0 

- 0.728 

-1.6389 

0.2 

-0.624 

-1.3324 

0.4 

-0.529 

-1.0663 

0.6 

-0.442 

-0.8374 

0.8 

-0.364 

-0.6426 

1.0 

-0.293 

-0.4789 

1.2 

-0.230 

-0.3435 

1.4 

-0.174 

-0.2338 

1.6 

-0.124 

-0.1472 

1.8 

-0.079 

-0.0813 

2.0 

-0.040 

-0.0337 

2.2 

-0.006 

-0.0024 

2.4 

0.023 

0.0149 

2.6 

0.049 

0.0198 

2.8 

0.072 

0.0143 
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PROBLEM 9.C6 

For the beam and loading shown, use the Moment-Area Method to 
write a computer program to calculate the slope and deflection at 
points along the beam from x = 0 to x = L using given increments 
Ax. Apply this program to calculate the slope and deflection at 
each concentrated load for the beam of (a) Prob. 9.77 with 
Ax = 0.5 m, ( b ) Prob. 9.119 with Ax = 0.5 m. 
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PROBLEM 9.C6 (Continued) 


Determine slope and deflections . 


For x = 0 to Z, superpose: 

Due to M A and R A : 

0 X =0 A + (M a X + R a x;/ 2.0)/EI 
y x =jt m -M A x 2 K2.0EI) - R a x 3 /(6.0EI) 

Due to loads : 

Do for all loads with a t < x 

d x = P i (x-a i fl(2.QEI) 

y x = P l (x-a i f/(6.0EI) 

Program Outputs 




Problem 9.77 


x m 

<9 rad x 1000 

v at x mm 



0.000 

-0.600962 

0.000000 

(«) 

◄ 

0.500 

-1.602564 

0.574252 



1.000 

-2.043269 

1.509081 



1.500 

-1.923077 

2.524039 



2.000 

-1.241987 

3.338675 



2.500 

0.000000 

3.672543 

(b) 

◄ 

3.000 

1.241987 

3.338676 



3.500 

1.923077 

2.524039 



4.000 

2.043269 

1.509082 



4.500 

1.602564 

0.574253 



5.000 

0.600962 

0.000000 



Problem 9.1 19 

x m 

<9 rad x 1000 

v at x mm 



0.000 

-4.504505 

0.000000 

(a) 

◄ 

0.500 

-4.673423 

2.317943 



1.000 

-4.279279 

4.579579 



1.500 

- 3.322072 

6.503378 



2.000 

-1.801802 

7.807808 



2.500 

0.000000 

8.258258 

(b) 

◄ 

3.000 

1.801802 

7.807808 



3.500 

3.322072 

6.503378 



4.000 

4.279279 

4.579579 



4.500 

4.673423 

2.317943 



5.000 

4.504505 

0.000000 
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hr; 

.52 kN PROBLEM 9.C7 

c B cr-m Two 52-kN loads are maintained 2.5 m apart as 

- 


x — 

— - — ^ 

4.5 m 

9 m 

they are moved slowly across beam AB. Write 
W460 x 113 a computer program to calculate the deflection 
at the midpoint C of the beam for values of x 
from 0 to 9 m, using 0.5-m increments. Use 
E = 200 GPa. 


SOLUTION 

Enter load P, beam length L and space between loads D. 
We will solve with moment-area method. 

Determine deflection at C. 


- P./L 


For x = 0 toZ, 

If O^x^D: 

We have one load to left of C. 

r b 

{ A/B 

C OB 

yc 

If D < x =5 L/2, 

We have two loads to left of C. 


= (R B L 3 -Px 3 )/(6.0EI) 
= R b L 3 /(4S.0EI) 

~ ~ t a/b tc/B 


= Px/L + P{x — D)/L 
= (R b L 3 - Px 3 - P(x - D) 3 )/(6.0EI) 
= R b L 3 /(4Z.0EI) 

— ~Z ^ A/B r OB 


\ r 

A 1 c 

£ 

b L 

k 





1 

Tc = ^ f A/B - tc/B 


R r L 


, Px 

EI 


, P h 
A 1 1 c 

£ 

4 

><! 

L_ 

K 

l P l P 

A I C I 

B 

p U- - H 
% *i 

| ^6 


r b 


l A/B 


l C/B 


yc 


If L/2 < x (L/2 + D), 

We have one load to left of C and one to right of C or at C. 

R b =Px/L + P(x-D)/L 
t AIB = ( R b L 3 - Px 3 - P(x - Z)) 3 )/(6.0£7) 


{ CIB ~ 


R B E/4S.0-P 


' o 

x 


/ 6.0 


!EI 


1 


yc — „ t A/B h 


C/B 
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PROBLEM 9.C7 (Continued) 


If (L/2 + D)< x < L, 

We have both loads to right of C. 


R b = Px/L + P{x - D)/L 
t m = (R B L 3 -Px 3 - P(x - b) 3 )/(6.0£7) 


l C/B 



}’c - ~^A/B f C/B 



l p 1 

if 

\ 

c \ \ 

l 


-Y-D A 

1 


"X J 



B 


Program Output 


x m 

R b kN 

0 B rad 

y c mm 

0.0 

0.000 

0.00000 

0.00000 

0.5 

2.889 

0.00315 

1.17881 

1.0 

5.778 

0.00624 

2.32839 

1.5 

8.667 

0.00921 

3.41951 

2.0 

11.556 

0.01200 

4.42296 

2.5 

14.444 

0.01456 

5.30950 

3.0 

20.222 

0.01998 

7.22872 

3.5 

26.000 

0.02499 

8.94335 

4.0 

31.778 

0.02947 

10.39493 

4.5 

37.556 

0.03331 

11.52503 

5.0 

43.333 

0.03639 

12.28492 

5.5 

49.111 

0.03859 

12.66487 

6.0 

54.889 

0.03980 

12.66487 

6.5 

60.667 

0.03989 

12.28492 

7.0 

66.444 

0.03876 

11.52503 

7.5 

72.222 

0.03629 

10.39493 

8.0 

78.000 

0.03235 

8.94335 

8.5 

83.778 

0.02684 

7.22872 

9.0 

89.556 

0.01963 

5.30950 
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\ A ' 

— a 

w 

D 

1 1 

Ttxr 

^1 

L 


PROBLEM 9.C8 

A uniformly distributed load w and several distributed loads P t may be 
applied to beam AB. Write a computer program to determine the 
reaction at the roller support and apply this program to the beam and 
loading of (a) Prob. 9.53a, ( b ) Prob. 9.154. 


SOLUTION 


The beam is indeterminate. 

Use equation of elastic curve. 

Enter w and for each load P i and C- 


Compute displacement at B due to loads . 
Reaction at ^4: 


Due to w: 


For i = 1 to number loads P - , 


For displacement at B , superpose: 
Due to reaction at A: 


Due to distributed loads: 


R a = wa 

a/t 1 2 

M A = — wa 

A 2 


Ra Ri 

m a = m a - P , c , 


EIy B A r a i}+\m a L 2 
6 2 

EIy B = -(-wL 4 + w(L - a) 4 ) 


Due to P t : 

For /' = 1 to number loads, 

EIy B =^P i (L-c i ) 3 

o 


At x = 0, y = — = 0 
dx 


The constants of integration are zero. 



ilil " Ir V J 1 P 



a 



B 


l j, Jr vl J 4 J t 4 g 

'♦ ; iiO 


8 A r 


a 


j 


CO 
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PROBLEM 9.C8 (Continued) 


Compute displacement at B due to unit R B . 

Ei(y B ) unit =\? 

Compute reaction at B . 

From EIy B + R B EI (y R ) unit = 0 

E-b = -y’n l(y B )unit 

EI^—y = ~X + L 
dx z 

El— = -—x 2 + Lx + C, 
dx 2 

1 , 1 , 

El y — — x h — Lx + Ci x + Cj 
6 2 12 

Boundary conditions give C, = C 2 = 0 

Program Outputs 

Problem 9.53 (a) 

Reaction at roller support = 1 1.5356 kN 
Problem 9.154 

Reaction at roller support =10. 1758 kN 


( 


4 - 
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CHAPTER 1 0 







PROBLEM 10.1 

Knowing that the spring at A is of constant k and that the bar AB is rigid, determine the 
critical load P CY . 
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PROBLEM 10.2 

Two rigid bars AC and BC are connected by a pin at C as shown. Knowing that 
the torsional spring at B is of constant K , determine the critical load P cr for the 
system. 
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PROBLEM 10.3 

Two rigid bars AC and BC are connected as shown to a spring of constant k. Knowing that 
the spring can act in either tension or compression, determine the critical load P CY for the 
system. 
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PROBLEM 10.4 



Two rigid bars AC and BC are connected as shown to a spring of constant k. 
Knowing that the spring can act in either tension or compression, determine the 
critical load P CY for the system. 
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B 




T 


k 

-'VVV 



2/i 


k 

-WV 


D 



h 

± 


PROBLEM 10.6 

The rigid rod AB is attached to a hinge at A and to two springs, each of 
constant k - 2 kip/in., that can act in either tension or compression. Knowing 
that h- 2 ft, determine the critical load. 
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PROBLEM 10.7 

The rigid bar AD is attached to two springs of constant k and is in 
equilibrium in the position shown. Knowing that the equal and opposite 
loads P and P' remain horizontal , determine the magnitude P cr of the 
critical load for the system. 
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16 mm 


100 mm 



PROBLEM 10.9 

Determine the critical load of a pin-ended steel tube that is 5 m long and has a 100-mm 
outer diameter and a 16-mm wall thickness. Use E - 200 GPa. 


SOLUTION 


16 mm 




50 mm c t = c Q - t = 50 - 16 = 34 mm 


I = £( c 4 _ c 4j = 3.859 X 10 6 mm 4 = 3.859 x 10" 6 m 4 

^ = ^(200 x 10^)(3 859 x 10") = 305 xiQ 3 N 
L 2 (5.0) 2 


P cr = 305 kN ◄ 
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PROBLEM 10.10 

Determine the critical load of a pin-ended wooden stick that is 3 ft long and has a x 1^-in. rectangular 
cross section. Use E = 1.6 x 10 6 psi. 
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h- d/3 
(a) 



PROBLEM 10.11 

A column of effective length L can be made by gluing together 
identical planks in either of the arrangements shown. Determine 
the ratio of the critical load using the arrangement a to the critical 
load using the arrangement b. 


(b) 


SOLUTION 

Arrangement (a) . 


Arrangement (b) . 


I a =—d 4 
a 12 


P = 

cr, a 


7T 2 EI K 2 Ed A 


12 Li 


An in d y 


JV 

12 


-W)+— (d) 

y 3 J 12 


v3y 


+ - 


12 


d 


19 


- (</) J =— d q 
v 3 J 324 


n 2 EI 19 n 2 Ed 4 


1 cr ,b 


324 Li 


1 324 27 


P C r, b 12 19 19 


- = 1.421 ◄ 


[ cr ,b 
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SOLUTION 


7T 2 EI 


(«) P cv = j2 


P CY is proportional to I. 

For solid rod, c = — d, 
2 


/, = -c 4 
s 4 


c = 1(30) = 15 mm I s = ^(15) 4 = 39.761 x 10 3 mm 4 = 39.761 x 10" 9 m 4 
For hollow rod, c, = I h = -^(c 4 - c, 4 ) 


(Aik h c 4 -c , 4 

(Perl h C 4 


=l ~c =1_ 


= 1 - 


'l5' 4 

30 


= 1 - — = — 

16 16 


Percent reduction in P„: — x 100 % 


16 


(A) = ** • " 2(1 ° 5 X 1Q9)(39 ; 761 X 10 ~ 9) = 17.17 x 10 3 N 


16 L l 


16 


(1-5) 


6.25% ◄ 


P r =17.17 kN^ 
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SOLUTION 

For square strut, 

For round strut, 


Critical loads: 


Round strut. 


Square strut . 


A = 25 2 = 625 mm 2 

/ = — (25) 4 = 32.552 x 10 3 mm 4 = 32.552 x 10" 9 m 4 
12 


-nd 2 = A 
4 


4 A (4)(625) „ 

a = J — = = 28.2 mm 


71 \ 71 


c - —d = 14.10 mm 
2 


c = 14.10 mm A 


I = — c 4 = 31.085 X 10 3 mm 3 = 31.085 x 10" 9 m 4 


P =^L 

cr L 2 

, 2 (200x 10 9 )(31.085 x 10- 9 ) = 61 4x 1o3n 

(l ) 2 


P rr = 61.4 kN ◄ 


Pcr = , 2 (200xl0 9 )(32.552 xl0- 9 ) = 643 xi 0 3 N 


(l) z 


P rr = 64.3 kN ◄ 
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SOLUTION 


(a) Square strut . A = (25) 2 = 625 mm 2 


1 


/ = — (25) 4 = 32.552 x 10" mm 4 = 32.552 x 10" 9 m 4 
12 


n l EI n \ 200 x 10 y )(32.552 x 10“ 9 ) 


L z 


= 64.3 x 10 3 N 


(l ) 2 


= 64.3 kN ◄ 


( b ) Round stmt . For the same critical load, modulus of elasticity, and length, the moments of inertia 
must be equal. 

— c 4 = 7 


4/ _ (4)(32.552 x 10 3 ) 


C = 4 1 = . 4 I 

n 


= 14.27 mm 


;r 


d - 2c - 28.5 mm <4 


(c) Area . 


A-nc 2 = 639.58 mm 


Ratio = 


625 

639.58 


0.977 = 97.7% ◄ 
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1 

, PROBLEM 10.15 

E m . 

1 . 

T m ' 

10 

2 

A column with the cross section shown has a 13.5-ft effective length. Using a 
factor of safety equal to 2.8, determine the allowable centric load that can be 
in applied to the column. Use E- 29 x 10 6 psi. 

i . 

T 2 

6 in. *1 ' 
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y 


PROBLEM 10.16 


c 


x 


l l 
l l 
l l 



A = 13.8 X 10 3 mm 2 
I x = 26.0 X 10 6 mm 4 
I y = 142.0 X 10 6 mm 4 


A column is made from half of a W360 x 216 rolled-steel shape, with 
the geometric properties as shown. Using a factor of safety equal to 2.6, 
determine the allowable centric load if the effective length of the 
column is 6.5 m. Use E = 200 GPa. 


SOLUTION 


P _ * 2ei 


cr 2 

^ e 


_ n 2 (100 x 10 9 Pa)(26.0 x 10“ 6 m 4 ) 


(6.5 m) 2 


= 1214.72 kN 


1214 72 

P ' kN 

a11 2.6 

Pan = 467 kN ◄ 
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PROBLEM 10.17 

A column of 22-ft effective length is to be made by welding two 
9 x 0.5-in. plates to a W8 x 35 as shown. Determine the allowable 
centric load if a factor of safety 2.3 is required. Use 29 x 10 6 psi. 


SOLUTION 



© W8 x 35: 


© and ®: 


/ = 127 in 4 


bj = 8.02 in. 


I y = 42.6 in 4 


For each plate, A = (0.5)(9.0) = 4.5 in 2 


I x = — (0.5)(9) 3 = 30.375 in 4 
r 12 


I y = — (9)(0.5V + (4.5)| — + — 


1.02 0.5 


81.758 in 4 


Total: 


I x = 127 + (2X30.375) = 187.75 in 4 = /„ 


/ = 42.6 + (2)(81.758) = 206.12 in 4 


L = 22 ft = 264 in. 


Pcr = 


;r 2 £7 _ ;r 2 (29 xl0 6 )(l 87.75) 
Ll ~ 264 2 


= 771.0 xlO 3 lb = 771 kips 


P = I^ = 121 

a11 F.S. 2.3 


P aXX = 335 kips -4 
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PROBLEM 10.18 

A single compression member of 8.2-m effective length is obtained by 
connecting two C200 x 17.1 steel channels with lacing bars as shown. 
Knowing that the factor of safety is 1.85, determine the allowable centric 
load for the member. Use E = 200 GPa and d = 100 mm. 


SOLUTION 


For C200 x 17.1 steel channel, A = 2170 mm 2 

J x =13.5 x 10 6 mm 4 , l y = 0.545 x 10 6 mm 2 
x = 14.5 mm 


For the fabricated column, 


I x = 21 x = (2)(13.5 x 10 6 ) = 27.0 x 10 6 mm 4 


*y= 2 


= 2 



(d 

Iy + A 



l 2 J _ 


0.545 x 10° + 2170 


100 

'l 2 


+ 14.5 


19.1455 x 10 6 mm 4 


E = 200 x 10 y Pa 


/ min = I y =19.1455 x 10 6 mm 4 = 19.1455 x 10“ 6 m 4 
P = = ^ 2 ( 200 x I 0 ') d 9 -1455 x IQ" 6 ) = 562-Q4x 1Q 3 N 


Z z 


(8-2) 


^=^= 562 -° 4XlQ = 303 x 10^ 
F.S. 1.85 


P all = 304 1<N ◄ 
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PROBLEM 10.19 

Knowing that P = 5.2 kN, determine the factor of safety for the structure 
shown. Use E = 200 GPa and consider only buckling in the plane of the 
structure. 


SOLUTION 


Joint B\ 


From force triangle, 


AB 


- BC 


5.2 


sin 25 
F d 


sin 20° sin 135 c 


AB = 3.1079 kN (Comp) 


' BC 


: 2.5152 kN (Comp) 


Member AB: 


i -- 
1ab ~ 4 



4 

n 

'18' 

UJ 

-J 

l ~2J 


= 5.153 xlO 3 mm 4 


5.153xl0 _9 m 4 


Member BC\ 


Smallest F.S. governs. 


71 2 EI ab _ 7t 2 (20Qx 10 9 )(5.153 x 10 9 ) 

l 2 ab EE 2 


= 7.0636 x 10 3 N = 7.0636 kN 


F.S.- 


F ab,ci _ 7.0636 
3.1079 


: 2.27 


^bc 


d 

tUJ 


Tt( 22_V 

4\2 J 


= 11.499xl0 3 mm 4 =1 1.499 xl0 _9 m 4 
4 C =1.2 2 +1.2 2 =2.88 m 2 
r tAeIbc _ (200x1 0 9 )(11. 499x1 0~ 9 ) 

BC ’ CI ~ 4c _ 2^88 

= 7.8813x 10 3 N = 7.8813 kN 

FS' = IlE£*L = 7 ' 8813 = 3.i3 
F bc 2.5152 



F.S. = 2.21 ◄ 
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PROBLEM 10.20 

Members AB and CD are 30-mm-diameter steel rods, and members BC 
and AD are 22-mm-diameter steel rods. When the turnbuckle is tightened, 
the diagonal member AC is put in tension. Knowing that a factor of safety 
with respect to buckling of 2.75 is required, determine the largest allowable 
tension in AC. Use E = 200 GPa and consider only buckling in the plane of 
the structure. 


SOLUTION 


Joint C: 


L ac = 7(3 ,5) 2 + (2.25) 2 = 4. 1 608 m 
2.25 


-EF= 0: F, 


BC 


T ac = 1 M926F bc 


h|lF=0: F cd 


4.1608 

3.5 

4.1608 


T A c= 0 


T AC = 0 



CD 


Members SC and AD: 


T AC =LmSF CD 


1 BC ~ 


n 


( d 

a BC 


V ^ J 


22 


= 11 .499 x 1 0 3 mm 4 =11 .499 x 1 0 -9 m 4 


L bc = 2.25 m 


BC, cr 


Tt EI BC _ n 1 (200 x 1 0 9 )(1 1 .499 x 1 0~ 9 ) 


-‘BC 


(2.25) 2 


= 4.4836 x10 3 N 


Fbc, an =-^ = 1.6304 x 10 3 N 7^ c>all =3.02 x10 3 N 


Members and CD: 


I -- 
lcD ~ 4 




1 CD 

2 , 


— | = 39.761 xl0 3 mm 4 =39.761 xl0“ 9 m 4 
2 


Lcd — 3.5 m 


S CD , cr = AEFIL = ^(200xl0 9 )(39.761xl0- 9 ) = ^ x ^ 


L 


CD 1 


(3.5) 


Few = ArA = 2 -3298 xl0 3 N 7V all =2.77x1 0 3 N 


F.S. 


Smaller value for T AC all governs. 


^c,ai,=2.77 kN ◄ 
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PROBLEM 10.21 

The uniform brass bar AB has a rectangular cross section and is 
supported by pins and brackets as shown. Each end of the bar can rotate 
freely about a horizontal axis through the pin, but rotation about a 
vertical axis is prevented by the brackets. ( a ) Determine the ratio bid for 
which the factor of safety is the same about the horizontal and vertical 
axes. ( b ) Determine the factor of safety if P = 1.8 kips, L = 7 ft, d = 1.5 in., 
and E- 29 x 10 6 psi. 


SOLUTION 


^crl 


1 cr2 


(a) Equating, P crl =P cv2 


1 

— < 
2 


Using (2), 


= -L, 

I = — db 3 

2 

12 

_ a 2 El 

_ 47r 2 Edb 3 

<N 

<1 

1 

1 21? 

= L, I 

= — bd 3 


12 

_ tt 2 EI 

_ 7r 2 Ebd 3 

Ll 

12 L 2 

A7r 2 Edb 

3 7r 2 Ebd 3 

12Z 2 

12L 2 

= 7 ft = 84 in. 

_ tt 2 { 15 X 

10 6 )(0.75)(1.5) 3 


4 b 2 = d 2 


(1 2)(84) 


4.4257 xlO 3 lb = 4.426 kips. 


( 1 ) 


( 2 ) 


1 


b = —d ◄ 
2 


p a 4257 

PS. = 2k = = 2.46 ◄ 

P 1.8 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1647 



PROBLEM 10.22 

A 1 -in. -square aluminum strut is maintained in the position shown by a pin 
support at A and by sets of rollers at B and C that prevent rotation of the strut in 
the plane of the figure. Knowing that L AB = 3 ft, determine (a) the largest 
values of L BC and L CD that can be used if the allowable load P is to be as large 
as possible, ( b ) the magnitude of the corresponding allowable load. Consider 
only buckling in the plane of the figure and use E = 10.4 x 10 6 psi. 


SOLUTION 





/ = — M 3 = — (1)(1) 3 = 0.083333 in 4 
12 12 


(a) 

Equivalent lengths: 




AB: 

L e =0JL AB =2. 1ft = 25.2 in. 



BC: 

L e = 0.5L bc 




l -3d 

BC 0.5 

L bc = 4.20 ft ◄ 


CD: 

= 2 L cd 




8 

ii 

L cd =1.050 ft ◄ 

(b) 


_ P cr tt 2 EI _^ 2 (10.4x10 6 )(0.083333) 

a11 ~ F.S. ~ ( F.S.)L 2 e ~ (3.2)(25.2) 2 




= 4.21 xl0 3 lb 

P AX =4.21 kips -4 
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PROBLEM 10.23 

A 1 -in. -square aluminum strut is maintained in the position shown by a pin support at A 
and by sets of rollers at B and C that prevent rotation of the strut in the plane of the 
figure. Knowing that L AB = 3 ft, L BC = 4 ft, and L CD = 1 ft, determine the allowable 
load P using a factor of safety with respect to buckling of 3.2. Consider only buckling 
in the plane of the figure and use E = 10.4 x 10 6 psi. 


SOLUTION 

/ = J-M 3 = — (1)(1) 3 = 0.083333 in 4 
12 12 

p 

cr 2 

^ e 

p (^cr)min ^ El 

a11 F.S. (F.S.)(L e ); mx 


Portion AB : 

L e = 0.7 L 4B = (0.7)(3) = 2. 1 ft 


Portion BC\ 

L e = 0.5 L bc = (0.5)(4) = 2.0 ft 


Portion CD: 

o 

CN 

II 

r? 

II 

<1 

<N 

II 



(4) max =2.1ft = 25.2 in. 



^(10.4x10^(0083333) =421xlQ 3 lb 
(3.2)(25.2 2 ) 

P all = 4.2 1 kips A 
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X 


PROBLEM 10.24 

Column ABC has a uniform rectangular cross section with b - 12 mm 
and d -22 mm. The column is braced in the xz plane at its midpoint C 
and carries a centric load P of magnitude 3.8 kN. Knowing that a factor 
of safety of 3.2 is required, determine the largest allowable length L. 
Use E = 200 GPa. 
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PROBLEM 10.25 

Column ABC has a uniform rectangular cross section and is braced in the xz 
plane at its midpoint C. ( a ) Determine the ratio bid for which the factor of 
safety is the same with respect to buckling in the xz and yz planes. ( b ) Using 
the ratio found in part a , design the cross section of the column so that the 
factor of safety will be 3.0 when P = 4.4 kN, L - 1 m, and E = 200 GPa. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1651 



PROBLEM 10.26 

Column AB carries a centric load P of magnitude 15 kips. Cables BC 
and BD are taut and prevent motion of point B in the vz plane. Using 
Euler’s formula and a factor of safety of 2.2, and neglecting the tension 
in the cables, determine the maximum allowable length L. Use 
E = 29xl0 6 psi. 


SOLUTION 


W10x22: / =118 in 4 


Buckling in xz- plane . 


I y = 11.4 in 4 
P = 15xl0 3 lb 

P cr = ( F.S.)P = (2.2X15 x 10 3 ) = 33 x 10 3 lb 
L = 0.1 L 


P =- 


n 2 EI„ 


{O.lLf 


L = 


n 


EL. 


0.7 V P„ 


Buckling in vz-plane . 


L = 


n (29x10 6 )(11.4) 


0.7 
L=2L 


7Z 2 ET 


33x10 


= 449.21 in. 


(2Lf 


L~- ' EI 
~ 2 


n (29xl0 6 )(118) 


P 2 

i cr ^ 


33x10 


= 505.83 in. 


Smaller value for L governs. L = 449.21 in. 


L = 37A ft ◄ 
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SOLUTION 


Solid circular cross section: c = — d = 10 mm 

2 

I = = — (10) 4 = 7.854 x 10 3 mm 4 = 7.854 x 10“ 9 m 4 

4 4 

E = 200 GPa = 200 x 10 9 Pa 


El = (200 x 10 9 )(7.854 x lO -9 ) = 1570.8 N • m 2 


For strut (1), 


900 mm = 0.9 m 


P„ = ^4^- = - (157 ?' 8 ^ = 19,140 N = 19.140 kN 


Z z 


(a) F.S. = -s- 


(0-9) 

19.140 kN 
7.5 kN 


( b ) For the same factor of safety, the stmts must have the same critical load. 


7T 2 EI: 


where i = 1, 2, 3, 4, and 5 


For i = 2, 3, 4, and 5, 



or 


Since / is proportional to d 4 , 


T 2 

dj _ 
df Z? 


or 


dj_ 

d^ 



where Z- is the effective length. 


L = 4l 
h A 


F.S. = 2.55 ◄ 
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PROBLEM 10.27 (Continued) 
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SOLUTION 





I = —[(22 mm) 4 - (18 mm ) 4 ] 

4 

/ = 101.54 x 10 3 mm 4 = 101.54 x 10“ 9 m 4 
E = 10 GPa = 70 x 10 9 Pa 
El = (70 GPa)(101.54 x 10" 9 m 4 ) = 7108 N • m 2 
_ tP-EI _ ;r 2 (7108N-m 2 ) 


Allowable value of P: 


P&\\ 

^all 


F.S. 

;r 2 (7108 N • m 2 ) 
2.8L 2 


25,055 


Equilibrium . ^ F y = 0: 2 P all - W = 0 

_ W_ _ 2P^_ _ (2)(25,055) _ 5108 
m ” g ” g ” 9.8 1L 2 " Z 2 

Column length : Zj = 4 m 

Effective lengths for columns . 
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PROBLEM 10.28 (Continued) 


Allowable capacity : 
Case f 11 : 

Case 12) : 

Case 131 : 

Case 141 : 


L e = L = 4 m 

L e = 2L = 8 m 

L e = L = 4 m 

L e = 0.699 L = 2.796 m 


m 


5108 

(4) 2 


m 


5108 

( 8) 2 


m 


5108 

(4) 2 


5108 

m = - 

(2.796) 2 


m = 319 kg ^ 
/72 = 79.8 kg ^ 
w = 319 kg ^ 
m = 653 kg ^ 
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SOLUTION 


(a) 


(b) 


A = (30) 2 = 900 mm 2 

= 900 x 10 -6 m 2 

/ = _L(30)(30) 3 = 67.5 x 10 3 mm 4 
= 67.5 x 10 -9 m 4 

c = ^-(30) = 15 mm = 0.015 m e = 4xl0 _3 m 

L e = 2L = (2X0.6) = 1.2 m 

_ nlE1 _ ^ 2 ( 70 x 10 9 )(67.5 x 10“ 9 ) 
cr ~ L 2 (1.2) 2 

= 32.385 x 10 3 N = 38.385 kN 


— = = 0.46318 

P CT 32.385 




' n j~P ~ ^ 




( - 'N 

- 

e 

sec 

-1 

= (4 x 10 3 ) 

sec 

-V0.46318 

-1 



l 2 KrJ 



U J 

_ 


= (4 x 10" 3 ) [sec (1.06904) - l] = 4.3166 x 10" 3 m 

M max = P(e + yj = (15 x 10 3 )(4 x 10“ 3 + 4.3166 x 10“ 3 ) 
= 124.75 N • m 

_P Me 15 x IQ 3 (124.75)(0.015) 

CT max ~ A + j ~ 900 x 10 _ 6 + 6y 5 x 1q _9 

= 44.4 x 10 6 Pa 


y m = 4.32 mm -4 


°max = 44 ' 4 MPa ^ 
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1.2 m C 


B 

e- 


32-mm 

diameter 


PROBLEM 10.30 

An axial load P is applied to the 32-mm-diameter steel rod AB as shown. For 
P = 37 kN and e = 1.2 mm, determine (a) the deflection at the midpoint C of 
the rod, ( b ) the maximum stress in the rod. Use E = 200 GPa. 


SOLUTION 


/ = 


n 


r rfV n( 32 x4 


v^y 


= 51.47 x 10 3 mm 4 = 51.47 x 10“ 9 m 4 


L=L = 1.2 m 


P cr = = ^ x 10 9 )(^47 x 10- 9 ) = 70 5 56 x 10 3 N 


( 1 - 2 ) 


_P_ _ 37 x 1Q J 

P cr _ 70.556 x 10 3 


= 0.52440 


(a) Deflection at C . 




sec 


f n_ 

2\ P„ 


1.3817c = (1 .38 1 7)(1 .2) 


r m ax = 1-658 mm ◄ 


( b ) Maximum normal stress . 

M max = P{e + y mm ) = (37 x 10 3 )(1.2 + 1 .658)(1 0” 3 ) = 105.75 N • m 


A = —d 2 = — (32) 2 = 804.25 mm 2 = 804.25 x 10“ 6 
4 4 

Me 37 x IQ 3 (105.75)(16 x 10~ 3 ) 
ax _ A I ~ 804.25 xlO -6 51.47 x 10" 9 


m 2 , c = 16 x 10 3 
= 78.9 x 10 6 Pa 


m 


^max = 78 - 9 MPa < 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1658 


y 



PROBLEM 10.31 

The line of action of the 310-kN axial load is parallel to the geometric axis of 
the column AB and intersects the x axis at x = e. Using E = 200 GPa, 
determine (a) the eccentricity e when the deflection of the midpoint C of the 
column is 9 mm, ( b ) the maximum stress in the column. 


SOLUTION 


For W250 x 58, A = 7420 mm 2 = 7420 x 10" 6 m 2 

I y = 18.7 x 10 6 mm 3 = 18.7 x 10“ 6 m 4 
S y = 185 x 10 3 mm 3 = 185 x 10“ 6 m 3 


L = 6.5 m 


L e = 6.5 m 


P„ = 


^ = . 2 (200x 10 9 )(1 8 .7 x 10") = 873 7 x 103n 
L\ (6.5) 2 


P_ _ 310 x 1Q J 
P cr ~ 873.7 x 10 3 


= 0.35483 


(a) 

(b) 


Tmax ^ 


sec 


r 

n 



-1 


0.68558 e 


g _ Tmax 

0.67990 


9 x 10~ 3 
0.67990 


= 13.13 xl0“ 3 


m = 13.13 mm 


^max = P(e + y m ax) = (310 x 10 3 )(9 + 13.13)(10- 3 ) = 6859.6 N • m 
_P_ Mc__P_ M_ 310 xlQ 3 6859.6 

^max ~ A + j. ~ A + ^ - 742Q x 10 - 6 + lg5 x 1() -6 


= 41.78 x 10 6 + 37.08 x 10 6 = 78.86 x 10 6 Pa = 78.9 MPa 


◄ 


◄ 
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30 in. C 


1.375-in. 

diameter 



PROBLEM 10.32 

An axial load P is applied to the 1.3 75-in. -diameter steel rod AB as 
shown. When P = 21 kips, it is observed that the horizontal 
deflection of the midpoint C is 0.03 in. Using E = 29 x 10 6 psi, 
determine (a) the eccentricity e of the load, ( b ) the maximum stress in 
the rod. 


SOLUTION 


c 


-d = 0.6875 in. A = nc 2 = 1.4849 in 2 
2 


I 

K 

P cr 

P_ 

P 

cr 


— c 4 = 0.175461 in 4 
4 

L = 30 in. 


AE- = ^(29 x 103 X 0.175461) = 55 800 x 10 3 lb 
L 2 e (3 0) 2 


21 x IQ 3 
55.8 xlO 3 


0.37634 


(a) Eccentricity of the load . 


sec 



— — -1 


= e[sec 0.96363 - 1] = 0.75272e 


_ y _ max 

~ 0.75272 


0.03 

0.75272 


(b) 


Maximum normal stress. 


A/ max = P(e + Amax) = ( 21 x 10 3 )(0.0399 + 0.03) = 1.467 x 10 3 lb • in. 


^max 


P , Vnax C 
A I 


21 x 10 3 (1.467 x 10 3 )(0.6875) loco .. 3 . 

+ — = 19.89 x 10 psi 

1.4849 0.175461 


e = 0.0399 in. A 


°max = 19 - 89 ksi < 
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PROBLEM 10.33 

An axial load P is applied to the 32-mm-square aluminum bar BC as 
shown. When P = 24 kN, the horizontal deflection at end C is 4 mm. 
Using E - 70 GPa, determine (a) the eccentricity e of the load, ( b ) the 
maximum stress in the rod. 


SOLUTION 


(a) 


(b) 


I = — (32) 4 = 87.3813 x 10 3 mm 4 
12 

= 87.3813 xl0 _9 m 4 
A = (32) 2 = 1.024 xlO 3 mm 2 
= 1.024 x 10“ 3 m 2 


L e = 2L = (2)(0.65) = 1.30 m 

_ t^E!_ _ tt \ 70 x 10 9 )(87.3813 x 10~ 9 ) 
cr ” L 2 e “ (1.30) 2 

= 35.7215 x 10 3 N 
= 35.7215 kN 
P 24 

— = = 0.67186 

P CT 35.7215 


Unax e 


sec 


f 

n 


2 


v 



sec 

( „ r > 

-V0.67186 

-1 


U J 



= e[sec 1.28754 - 1] = 2.5780e 


g _ 3^max _ ^ 

2.5780 2.5780 


M max = P(e + y max ) = (24 x 10 3 )[1.552 x 10" 3 + 4 x 10“ 3 ] 
= 133.24 N • m 

^ _P | M max c _ 24 x IQ 3 ^133.24X0.016) 
max A I 1.024 xl0“ 3 87.3813 xl0“ 9 


= 47.8 x 10 6 Pa 


e = 1.552 mm A 


^max = 47 - 8 MPa ^ 
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PROBLEM 10.34 



The axial load P is applied at a point located on the x axis at a distance e 
from the geometric axis of the rolled-steel column BC. When P = 82 kips, 
the horizontal deflection of the top of the column is 0.20 in. Using 
E - 29 x 10 6 psi, determine (a) the eccentricity e of the load, ( b ) the 
maximum stress in the column. 


SOLUTION 


W8 x 31 : A = 9.12 in 2 , I y = 37.1 in 4 , S y = 9.27 in 3 
L = 9.4 ft = 1 12.8 in. L e = 2Z = 225.6 in. 

P cr = ^f =^ 29xl ° 6 y 7 - 1 > = 208.63 x 103 


(a) J'n 


= e 


sec 


82 x l(r 
208.63 x 10 

-\ 


7T 

~2 


-1 


y n 


cr y 

0.20 


0.80811 0.80816 


(225.6) 

- = 0.39304 

= 0.808 lie 

: 0.247 in. 


(b) 


M max = p ( e + T’max) = ( 82 x 10 3 )(0.247 + 0.20) = 36.693 X 10 3 lb • in. 


P Me P M 82 x 10 3 36.693 x 10^ , a3 . 

= — + = — + — = + = 12.95 x 10 psi 

A I A S 9.12 9.27 


->3 


◄ 


CT max =12.95 ksi ◄ 
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2.5 ft 


PROBLEM 10.35 

An axial load P is applied at a point D that is 0.25 in. from the geometric 
axis of the square aluminum bar BC. Using E = 10.1 x 10 6 psi, determine 

(a) the load P for which the horizontal deflection of end C is 0.50 in., 

(b) the corresponding maximum stress in the column. 


SOLUTION 


/ = — bh 3 = — (1.75)(1.75) 3 = 0.78157 in 4 
12 12 

A = (1.75) 2 = 3.0625 in 2 c = ^(1.75) = 0.875 in. 

L = 2.5 ft = 30 in. L e = 2L = 60 in. 

7T 2 EI ;t 2 (10.1 x 10 3 )(0.78157) 


(60) 2 


21.641 kips 


y n 


(a) 


sec 



3’max ^ 


0.61411 


P= 0.61411 P„ 


P = 13.29 kips A 


(b) 


^max = P{e + y max ) = (13.29X0.25 + 0.50) = 9.9675 kip • in. 

_P_ Me 13.29 (9.9675)(0.875) 

CTmax ~ 7 3.0625 0.78157 


°max = 15.50 ksi ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1663 


120 mm 




PROBLEM 10.36 

A brass pipe having the cross section shown has an axial load P applied 
5 mm from its geometric axis. Using E - 120 GPa, determine ( a ) the load P 
for which the horizontal deflection at the midpoint C is 5 mm, (b) the 
corresponding maximum stress in the column. 


t = 6 mm 


B 

e 
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120 mm 




PROBLEM 10.37 

Solve Prob. 10.36, assuming that the axial load P is applied 10 mm from the 
geometric axis of the column. 

PROBLEM 10.36 A brass pipe having the cross section shown has an axial 
load P applied 5 mm from its geometric axis. Using E = 120 GPa, 
determine (a) the load P for which the horizontal deflection at the midpoint C 
is 5 mm, (b) the corresponding maximum stress in the column. 


B 


e 



SOLUTION 


(a) 


c n = —d n = 60 mm 
0 2 


c i = c () - t = 54 mm 


/ = —[c^ - c 4 j = 3.5005 x 10 6 mm 4 = 3.5005 x 10 6 m 4 


L = 2.8 m L = 2.8 m 


P„ = 


jtEA_ _ ;t 2 (120 x 10 9 )(3.5005 x 10~ 6 ) 
L 2 e ~ (2.8) 2 


528.8 x 10 3 N = 528.8 kN 



sec 


n 

2 \l P 

Xl cr j 

' 2 

— arccos — 


3max + e 


-i2 


+ e 


0.28670 


P = 0.28670 P„ 


(b) M max = P{e + jv ax ) = (151-6 x 10 3 )(10 + 5)(1Q- 3 ) = 2274 N • m 


A = 7i (c 2 - cf) = tt(60 2 - 54 2 ) = 2.1488 x 10 3 mm 2 = 2.1488 x 10“ 3 m 

Me 


P 

b ■ 

A I 


151.6 x 10 , (2274X60 xl0-) =m5xl()6pa 


P = 151.6 kN ◄ 


2.1488 x 10 


.-3 


3.5005 x 10“ 


109.5 MPa ◄ 
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PROBLEM 10.38 

The line of action of the axial load P is parallel to the geometric 
axis of the column AB and intersects the x axis at x = 0.8 in. Using 
E -29 x 10 6 psi, determine (a) the load P for which the horizontal 
deflection at the end C is 0.5 in., ( b ) the corresponding maximum 
stress in the column. 
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PROBLEM 10.38 (Continued) 


(a) 


P = (0.33409X201.64) = 67.366 


P = 67.4 kips A 


(b) 


M max =P(e + y m ) = (67.4)(0.8 + 0.5) = 87.575 kip • in. 


7n,i\ 





67.366 

b 

11.7 


87.575 

12.2 


= 12.94 ksi ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1667 





PROBLEM 10.39 

The line of action of the axial load P is parallel to the geometric 
axis of the column and applied at a point located on the x axis at 
a distance e = 12 mm from the geometric axis of the W3 10 x 60 
rolled-steel column BC. Assuming that L = 7.0 m and using 
E = 200 GPa, determine (a) the load P for which the horizontal 
deflection of the midpoint C of the column is 15 mm, (b) the 
corresponding maximum stress in the column. 


SOLUTION 

W310 x 60: 


A = 7550 mm" =7550x10 0 m z I y =18.4x10° mm 4 =18.4x10 6 m 4 
S =180xl0 3 mm 3 =180xl0 _6 m 3 


Critical load: 


(a) Load P : 


L = 7.0 m 


P, =ggL = ^POOx^XlSJxlQ-) = 74L2 X 1Q3 N = 7 41 .2 kN 


Li 


( 7 - 0 ) 


COS 



sec 


n P 


2\R 


Tmax ^ 


cr 


2 

— arccos 
n 


V Tmax ^ J 


2 


2 f 12 ' 

— arccos 


-i2 


n 


15 + 12 


: 0.49957 


P = 0.49957P cr =370.3 kN 
(b) Maximum normal stress . 


P = 370 kN ◄ 


M max = P(e + y^) = (370.3 x 10 3 )(12 + 15)(10- 3 ) = 99 98 N • m 


P Me P M 370.3 xlO 3 
: — + = — + - 


9998 


/ A S v 7550 xlO" 6 180 xlO -6 


:104.6xl0 b Pa 


<W =104-6 MPa ◄ 
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PROBLEM 10.40 

Solve Prob. 10.39, assuming thatZ is 9.0 m. 

PROBLEM 10.39 The line of action of the axial load P is parallel to the 
geometric axis of the column and applied at a point located on the x axis 
at a distance e = 12 mm from the geometric axis of the W3 10 x 60 rolled- 
steel column BC. Assuming that L = 7.0 m and using E = 200 GPa, 
determine (a) the load P for which the horizontal deflection of the 
midpoint C of the column is 15 mm, ( b ) the corresponding maximum 
stress in the column. 


SOLUTION 

W310x 60: 


^4 = 7550 mm z =7550x10 0 m z I y =18.4x10° mm 4 =18.4x10 6 m 4 
S„ =180xl0 3 mm 3 =180xl0^m 3 L= 9.0 m 


Critical load: 


(a) Load P : 


n 7T 2 EI ^ 2 (200x10 9 )(18.4x10" 6 ) . . 0 . . , T .. 0 . 1xt 

P„ = — — = — = 448.4 x 10 N = 448.4 kN 


Lt 


y max ^ 


sec 


tz_ lip 
AUrJ 


(9.0) 
-1 


sec 


n I P 

2\P 

V V cr J 


Tmax 


COS 

p_ 


r n_ fjp 


2 

— arccos 
n 


Tmax + e 


e 

vTmax + £ V 


-i2 


2 

— arccos 

71 


12 


15 + 12 


-|2 


= 0.49957 


P = 0.49957P = 224.01 kN 


P = 224 kN ◄ 


M max = P(e + jw) = (224.01 X 100(12 + 15)(10- 3 ) = 6048 N • m 


(b) Maximum normal stress . 


P Me P M 224.01 xlO 3 6048 

- + 


A I A S v 7550 xlO -6 180x10 


-6 


63.3xl0 6 Pa 


=63.3 MPa -4 
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i 


e = 0.03 in. 


PROBLEM 10.41 

The steel bar AB has a y x -in. square cross section and is held by pins that are a 
fixed distance apart and are located at a distance e = 0.03 in. from the geometric axis 
of the bar. Knowing that at temperature T 0 the pins are in contact with the bar and 
that the force in the bar is zero, determine the increase in temperature for which the 
bar will just make contact with point C if d = 0.01 in. Use E = 29 x 10 6 psi and a 
coefficient of thermal expansion a = 6.5 x 1 0” 6 /° F. 


SOLUTION 


A = 


f-1 

UJ 


= 0.140625 in 2 


/ - 


- =1.64795 x 10 in 


■3 -4 


7 = — 

12 . 

El = (29 x 10 6 )(1. 64795 x 1(T 3 ) = 47,791 lb • in 2 

^=^/=. 2(47 ,7 91 ) =7 37oib 


Lf 


(8) 


Calculate P using the secant formula. 


Tmax =d = e 


f 


sec 


V 


n I P 
2 VP 


-\ 


-1 


n P _i 
— — = cos 
2 VP 


cr 

( dX l 

1 + - 

V e) 


-i 


= COS 


1 + 



-i2 


— (0.72273) 
n 


= 0.21170 


P = 0.21 170P = 1560.2 1b 


Thermal analysis: 

(1) Simple approximation by ignoring eccentricity. 

PL 

Total elongation = aL(kT) = 0 

EA 


PL 1 _ P 1560.2 

EA aL ~ EAa ~ (29 x 1 0 6 )(0. 140625)(6.5 x 10“ 6 ) 


AT = 58.9°F ◄ 
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PROBLEM 10.41 (Continued) 


(2) Analysis with inclusion of eccentricity. 

Total elongation of centroidal axis = aL(AT) - = 2e — 

EA dx 


x=0 


To calculate — , differentiate Eq. (10.26). 
dx 


dy_ 

dx 

At x = 0, 


pL 

p tan-^-cos px - p sin px 


dy_ 

dx 


x=0 


+ pL 

eptm-^- = e x 


P . n IP 

tan- 
EI 2 \ P 


The elongation of the centroidal axis is 2e 2 A |— tan 


/r P 
J\P, 


cr y 


(2)(0.03)" 


1560.2 

47,791 


tan(0.72273) = 286.8 x 10" 6 in. 


aL( AT) = — + 2e— 
EA dx 


x=0 


AT _ _P_ + 286.8 x 10 


-6 


-6 


EAa 


aL 


58.9 + 


286.8 x 10 
(6.5 x 10“ 6 )(8) 


58.9 + 5.5°F 


64.4°F 
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i 


e = 0.03 in. 


PROBLEM 10.42 

For the bar of Prob. 10.41, determine the required distance d for which the bar 
will just make contact with point C when the temperature increases by 120°F. 

PROBLEM 10.41 The steel bar AB has a |x| -in. square cross section and is 
held by pins that are a fixed distance apart and are located at a distance 
e = 0.03 in. from the geometric axis of the bar. Knowing that at temperature T 0 
the pins are in contact with the bar and that the force in the bar is zero, determine 
the increase in temperature for which the bar will just make contact with point C 
if c/ = 0.01 in. Use fs = 29xl0 6 psi and a coefficient of thermal expansion 
a = 6.5x 10 _6 /°F. 


SOLUTION 


A = 


4 3" 

UJ 


= 0.140625 in 2 


7 = — 
12 


/ "2 \ 4 

- =1.64795x1 0' 3 in 4 

8 


El = (29 x 10 6 )(1,64795 x 10“ 3 ) = 47,791 lb • in 2 
_ Jt 2 EI _ ;r 2 (47,791) 


L 


( 8) 2 


: 7370 lb 


Calculate P from thermal analysis. To obtain an approximate value, neglect the effect of eccentricity in the 
thermal analysis. 

PL 

Total elongation = aL(AT) = 0 

EA 

P = EAa(AT) = (29 x 10 6 )(0. 140625)(6.5 x 10“ 6 )(120) = 3181 lb 
Calculate the deflection using the secant formula. 


d = y„ 


sec 


n | P 

J\B. 




1 


cr J 


(0.03) 


sec 


n 3181 


2 V 7370 


1 


= (0.03)[sec(1.03197) -1] = (0.03)(0.94883) 

For an improved thermal analysis including eccentricity, see solution of Prob. 10.41. 


d = 0.0285 in. ◄ 
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127 mm 


r A 

/ \ 


V y 


127 mm 


A = 3400 mm 2 
I = 7.93 X 10- 6 m 4 
r = 48.3 mm 



PROBLEM 10.43 

A 3.5-m-long steel tube having the cross section and properties shown 
is used as a column. For the grade of steel used cr Y = 250 MPa and 
E = 200 GPa. Knowing that a factor of safety of 2.6 with respect to 
permanent deformation is required, determine the allowable load P 
when the eccentricity e is ( a ) 15 mm, ( b ) 7.5 mm. (Hint: Since the 
factor of safety must be applied to the load P not to the stress, use 
Fig. 10.24 to determine P Y ). 


SOLUTION 


A = 3400 x 10 -6 m 2 


L e = 3.5 m 
127 


r = 48.3 x 10 3 m 


3.5 


48.3 x 10 


>-3 


72.46 


63.5 mm 


(a) e = 1 5 mm . 


ec _ (15)(63.5) 


= 0.40829 


d (48.3) 

Using Fig. 10.23 with LJr = 72.46 and ec/r 2 = 0.40829, 
PI A = 144.75 MPa = 144.75 x 10 6 Pa 
P = (144.75 x 10 6 )(3400 x 10" 6 ) = 492 x 10 3 N 

492 x 1 0 3 

Using factor of safety, P, M = = 189.0 x 10 3 N 


(. b ) e - 7.5 mm . 


2.6 

ec (7.5)(63.5) 


0.20415 


r 2 (48.3) 2 

Using Fig. 10.23 with LJr = 72.46 and edr 2 = 0.20415, 
PI A = 175.2 MPa = 175.2 x 10 6 Pa 
P = (175.2 x 10 6 )(3400 x 10" 6 ) = 596 x 10 3 N 

Using factor of safety, P M = x 10 _ 229 x 10 3 N 

2.6 


P M = 189.0 kN ◄ 


P all = 229 kN ◄ 
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e J |L PROBLEM 10.44 

127 mm 

j-*- Solve Prob. 10.43, assuming that the length of the steel tube is 

r increased to 5 m. 

PROBLEM 10.43 A 3.5 -m-long steel tube having the cross section 
and properties shown is used as a column. For the grade of steel 
used, <j y = 250 MPa and E = 200 GPa. Knowing that a factor of 
safety of 2.6 with respect to permanent deformation is required, 
determine the allowable load P when the eccentricity e is (a) 15 mm, 
(b) 7.5 mm. {Hint: Since the factor of safety must be applied to the 
load P not to the stress, use Fig. 10.24 to determine P Y ). 


127 mm 


A = 3400 mm 2 
I = 7.93 X 10- 6 m 4 
r = 48.3 mm 



3.5 m 


SOLUTION 


A = 3400 x 10 -6 m 2 


r = 48.3 x 10 3 m 


K= 5 m 
127 


48.3 x 10“ 


103.52 


63.5 mm 


(a) e = 15 mm . 


ec _ (15)(63.5) 
r 2 ~ (48. 3) 2 


= 0.40829 


L 


ec 


Using Fig. 10.23 with = 1 03.52 and = 0.40829 gives — = 112.75 MPa = 112.75 x 10“ 6 Pa 


r K 

P = (112.75 x 10 6 )(3400 x 10" 6 ) = 383 x 10 3 N 

->3 


Using factor of safety, ■^all 
(. b ) e = 7.5 mm . 


383 x 10 , « 3 


2.6 

ec_ _ (7.5)(63.5) 
r 2 _ (48. 3) 2 


147.0 x 10" N 


= 0.20415 


Using Fig. 10.23 gives — = 133.2 MPa = 133.2 x 10 6 Pa. 

A 

P = (133.2 x 10 6 )(3400 x 10" 6 ) = 453 x 10 3 N 

453 x 1 0 3 , 

Using factor of safety, P all = = 174.0 x 10 3 N 

2.6 


P all = 147.0 kN ◄ 


P all = 174.0 kN ◄ 
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PROBLEM 10.45 



W8 X 28 


An axial load P is applied to the W8 x 28 rolled-steel column BC that 
is free at its top C and fixed at its base B. Knowing that the 
eccentricity of the load is e - 0.6 in. and that for the grade of steel 
used <j y = 36 ksi and E = 29 x 10 6 psi, determine (a) the magnitude of 
P of the allowable load when a factor of safety of 2.5 with respect to 
permanent deformation is required, ( b ) the ratio of the load found in 
part a to the magnitude of the allowable centric load for the column. 
(See hint of Prob. 10.43.) 


L = 7.5 ft 



SOLUTION 


(a) cj y = 36 ksi 

E = 29 x 10 3 ksi 
e = 0.60 in. 


From Fig. 10.23, we read 


with F.*S. = 2.5: 


W8 x 28: A = 8.24 in 2 , I y = 21.7 in 4 , r y = 1.62 in. 

e = —(6.54 in.) = 3.27 in. 

2 

L e = 2L = 2(6 ft) = 12 ft = 144 in. 


L e 144 in. 

r 1.62 in. 


88.9 


P/A = 15 ksi 


ec _ (0,60 in.)(3.27 in.) 
r 2 ~ (1.62 in.) 2 


.-. P = (15 ksi)(8.24 in 2 ) 
P = 123.6 kips 


^all - 


123.6 

2.5 


(b) 


P CI = EE. = ^(29 x 10 3 ksi)(21.7 in 4 ) = m52 
L 2 e (144 in.) 2 

299 52 

p all = — — - kips = 1 19.808 kips 


2.5 


Ratio: 


49.6 kips 
119.808 kips 


0.413 


P&w = 49.4 kips A 


0.413 ◄ 
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PROBLEM 10.46 

An axial load P of magnitude 50 kips is applied at a point located on 
the x axis at a distance e - 0.25 in. from the geometric axis of the 
W8 x 28 rolled-steel column BC. Knowing that the column is free at its 
top C and fixed at its base B and that ay = 36 ksi and E = 29 x 10 6 psi, 
determine the factor of safety with respect to yield. (See hint of 
Prob. 10.43.) 


SOLUTION 

(a) ay =36 ksi W8 x 28: A = 8.24 in 2 , I v = 21.7 in 4 , r v =1.62in. 
E = 26 x 10 3 ksi 

e = 0.60 in. L e = 2L = 2(6 ft) = 12 ft = 144 in. 

L - 144 in ' ; 88.9 


C - —(6.54 in.) = 3.27 in. 
2 


r 1.62 in. 
ec _ (0.25 in.)(3.27 in.) 


r (1 .62 in.) 

From Fig. 10.23, we read PI A = 20 ksi 

.-. P all = (20 ksi)(8.24 in 2 ) 


0.312 


For P - 50 kips, 


FS.= 


164.8 kips 

164.8 kips 
50 kips 


FA. = 3.30 ◄ 
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PROBLEM 10.47 

A 100-kN axial load P is applied to the W150xl8 rolled-steel 
column BC that is free at its top C and fixed at its base B. 
Knowing that the eccentricity of the load is e = 6mm, determine 
the largest permissible length L if the allowable stress in the 
column is 80 MPa. Use E = 200 GPa. 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1677 



?/ 




PROBLEM 10.48 






A 26-kip axial load P is applied to a W6 x 12 rolled- steel column BC that 




'V. 

p 


is free at its top C and fixed at its base B. Knowing that the eccentricity of 






the load is e = 0.25 in., determine the largest permissible length L if the 


s' c 


1 


allowable stress in the column is 14 ksi. Use E- 29 x 10 6 psi. 



s' 



^ X 





1 


r b 




m 






\ 
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PROBLEM 10.49 (Continued) 


t2 QA12A6 tt 2 E1 0.47246;t 2 (29 x 1 0 3 )(1 03) 


= 103.172 xlO 3 in 2 


L =321.2 in. 


L = L„ =321.2 in. 


L = 26.8 ft ◄ 


(6) g = 0.5 in . 


sec — — = VWV.! = L 06023 

i 2 V ^cr (0.5X5.00) L B5 J 


cos — — = 0.94319 — — = 0.33868 

2\P r 2 \P 


P 2 

— = —(0.33868) = 0.046488 

P r ;r 


0.046488 Zr 


r2 _ 0.046488 _ 0.046488;r 2 (29xl0 3 )(103) _ 1A 14M w1ft3 ;-2 
— — — iu. i jz x iu in 


L =100.8 in. 


L = Z„ =100.8 in. 


L = 8.40 ft ◄ 
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PROBLEM 10.50 (Continued) 


(b) e = l2mm: 


P„ = 


p _ 7rin_ 

0.61757 “ L 2 e 

0.61757;t 2 £/ _ 0.61757;r 2 (200 x 10 9 )(1,42 x 10~ 6 ) 
P 84 x 10 3 


20.61m 2 


L e = 4.54 m 


sec 


cos 


f n 



f 


7Z 



P_ 

Per 


L = L e = 4.54 m 

(22.3) 2 f (2860 x 10~ 6 )(75 x 10 6 ) t 
(1 2)(5 1) [_ 84 x 10 3 


0.79216 


71 P 


0.65646 


-(0.65646) 

n v 


0.17466 


1.26238 


cr 0.17466 L] 

2 _ 0.17466;r 2 £7 
e ~ P 

_ 0.17466;r 2 (200 x 10 9 )(L42 x 10~ 6 ) 
84 x 10 3 

= 5.828 m 2 


L e = 2.41 m 


L = L e 


◄ 


2.41 m -4 
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PROBLEM 10.51 

An axial load of magnitude P = 220 kN is applied at a point located 
on the x axis at a distance e = 6 mm from the geometric axis of the 
wide-flange column BC. Knowing that E = 200 GPa, choose the 
lightest W200 shape that can be used if cr all =120 MPa. 


SOLUTION 


P = 220xl0 N L = 1.8m L = 2Z = 3.6m 


R = 


tt 2 EI v tz 1 (200 xlO 9 )/ 


3.6 


= 152.3x10V, N 


b f ec eb f 

e = 6 mm c = — — = — — 

2 r 2 2r 2 


^max ^ 


i eC 

1 + — sec 
r 


n / P 
2 \ P 


Shape 

^(10“ 6 m 2 ) 

b f (mm) 

I y (1 0 -6 m 4 ) 

r y ( mm) 

P cr (kN) 

ec 

7 

(J max (MPa) 

W200x 41.7 

5320 

166 

9.03 

41.1 

137.5 

0.2948 

56.4 

W200x 26.6 

3390 

133 

3.32 

31.2 

505.7 

0.4099 

117.1 

W200x 22.5 

2860 

102 

1.42 

22.3 

216.3 




cr max =117.1 MPa <120 MPa 


Use W200x 26.6. ◄ 
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PROBLEM 10.52 

Solve Prob. 10.51, assuming that the magnitude of the axial load is 
P = 345 kN. 

PROBLEM 10.51 An axial load of magnitude P = 220 kN is applied 
at a point located on the x axis at a distance e = 6 mm from the 
geometric axis of the wide-flange column BC. Knowing that 
E = 200 GPa, choose the lightest W200 shape that can be used if 
cr all =120 MPa. 


SOLUTION 


P = 345 x 10 3 N I = 1.8m L e = 2L = 3.6 m 


7T 2 EI v /t 2 (200 X 10 9 )/ v q 

P cr = —E = n ~2 ~ = 152 ' 3 X 10 N 


K 

e - 6 mm 


i ec 

1 + ^-sec 
r l 


(3-6) 


n | P 


ec _ ebj- 

7 “ 2 ^ 


cr J 


Shape 

^(10“ 6 m 2 ) 

(mm) 

I y ( 10- 6 m 4 ) 

>\ (mm) 

P cr (kN) 

ec 

°max (MPa) 

W200x41.7 

5320 

166 

9.03 

41.1 

1375 

0.2948 

91.9 

W200x 26.6 

3390 

133 

3.32 

31.2 

505.7 

0.4099 

256 

W200x35.9 

4570 

165 

7.62 

40.9 

1161 

0.2959 

109.6 

W200x31.3 

3970 

134 

4.07 

32.0 

619.3 

0.3926 

174.7 


cr max = 109.6 MPa < 120 MPa 


Use W200x 35.9. ◄ 
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PROBLEM 10.53 

A 12-kip axial load is applied with an eccentricity e = 0.375 in. to the 
circular steel rod BC that is free at its top C and fixed at its base B. 
Knowing that the stock of rods available for use have diameters in 
increments of j in. from 1.5 in. to 3.0 in., determine the lightest rod 
that can be used if <r all =15 ksi. Use E = 29 x 10 6 psi. 


SOLUTION 


E = 29 x 10 6 psi = 29,000 ksi d = diameter (in.) 


A = —d 2 

4 

c = —d 

2 


1 = 


K 


ncT_ 

64 


e = 0.375 in. 


L = 4.0 ft = 48 in. 

L e =2L= 96 in. 

7i 2 El (29, 000 )xd 4 


Pa = 


(64)(96) 2 


nd* 


ec 

~2 


A 64 7rd 2 16 
(0.375)(|rf) = 3_ 
d 


= 1.52449 d 4 kips 
P = 12 kips 


= — 


^-d 2 
16 U 


1 + — sec 
r 


f 7Z_ YP_ 

V 2 V ^cr J 


d (in.) 

A (in 2 ) 

P cr (kips) 

edr 2 

CT max( ksi ) 

2.25 

3.976 

39.07 

1.3333 

9.26 

2.0 

3.1416 

24.39 

1.5 

16.49 

2.125 

3.546 

31.09 

1.4118 

11.90 


<r~ 


<T max =11.90 ksi < 15 ksi 


Use d = 2. 125 in. ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1685 



PROBLEM 10.54 

Solve Prob. 10.53, assuming that the 12-kip axial load will be 
applied to the rod with an eccentricity e = j d. 

PROBLEM 10.53 A 12-kip axial load is applied with an 
eccentricity e = 0.375 in. to the circular steel rod BC that is free 
at its top C and fixed at its base B. Knowing that the stock of rods 
available for use have diameters in increments of i in. from 

o 

1.5 in. to 3.0 in., determine the lightest rod that can be used 
if <r all =15 ksi. Use is=29xl0 6 psi. 


SOLUTION 


£ = 29 x 10 6 psi = 29,000 ksi d = diameter (in.) 


A = -d 2 

4 


I = — 

4 




= ++ 
64 


1 , 1 . 
c=—d e=—d 
2 2 

L = 4 ft = 48 in. 

L e =2L = 96 in. 

IT 2 El 7T 2 (29, 000)(7Td 4 ) 


p,,. = - 


(64)(96) 2 


2 _ I _ nd 4 4 


a =~ d2 

64 nd 1 16 


= 1.52449 d 4 


P = 12 kips 


ec 




16 ‘ 


^max ^ 


1 + — sec 
r 



■ 4.0 
_P_ 

"7 


1 + 4.0 sec — — 



d (in.) 

A (in 2 ) 

P cr (kips) 

°max( ksi ) 

2.25 

3.976 

39.07 

21.75 

3.0 

7.068 

123.48 

9.39 

2.5 

4.909 

59.55 

15.28 

2.625 

5.412 

72.38 

13.27 


<T m ax = 13.27 ksi < 15 ksi 


Use d = 2.625 in. A 
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SOLUTION 

For W250 x 44.8 , 


A = 5700 mm 2 


L e = 3800 mm 


u f 148 ^ 

c = — = = 74 mm 


ec 


h 

2 2 

(12X74) 
(34. 8) 2 


0.73325 


r y = 34.8 mm 

L e /r = 108.26 

e = 12 mm 


Using Fig 10.24 with Z^/r = 108.26 and — r- = 0.73325, 

= 93 MPa = 93 x 10 6 N/m 2 

P Y = APy/A = (5700 x 10“ 6 )(93 x 10 6 ) = 530 x 10 3 N = 530 kN 

F. 5 . = ^ = ^ 

P 175 


F.S. = 3.02 ◄ 
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SOLUTION 


For W250 x 44.8, 

A = 5700 mm 2 

r y = 34.8 mm 


L e = 3800 mm 

LJr = 108.26 


b f 148 ^ 

c = = = 74 mm 

e = 16 mm 


2 2 


££ = = 0.97 

r 2 (34.8) 2 

pr 

Using Fig 10.24 with LJr - 108.26 and — = 0.97767, 


Py/A = 84 MPa = 84 X 10 6 N/m 2 
P Y = A{Py!A) = (5700 x 10 -6 )(84 x 10 6 ) = 479 x 10 3 N = 479 kN 



F.S. = 3.09 ◄ 
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PROBLEM 10.57 


Using allowable stress design determine the allowable centric load for a column of 6-m effective length that is 
made from the following rolled-steel shape: ( a ) W200x35.9, (b) W200 x 86. Use a Y = 250 MPa and 
E = 200 GPa. . 
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PROBLEM 10.58 

A W8 x 31 rolled-steel shape is used for a column of 21-ft effective length. Using allowable stress design, 
determine the allowable centric load if the yield strength of the grade of steel used is (a) cr Y = 36 ksi, 
( b ) <j y = 50 ksi. Use E = 29 x 10 6 psi. 
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f 

< — 127 mm — > 


PROBLEM 10.59 

t = 8 mm — *- 


178 

A rectangular structural tube having the cross section shown is used as a 
column of 5-m effective length. Knowing that <j y — 250 MPa and 
mm E = 200 GPa, use allowable stress design to determine the largest centric 


load that can be applied to the steel column. 


SOLUTION 


L e = 5 m 


A = (0.178)(0.127) - (0.162X0.111) 

= 4.624 x 10“ 3 m 2 

— [(0.178) (0.127) 3 - (0.162) (0.1 1 1) 3 ] 


\W 


Iy 12 


= 1 1.9213 x 10” 6 m 4 


lCZr 


11.9213x10“ 


A V 4.624 x 10“ 


= 50.775 xl0“ 3 m 


11-6 


wvn 


50.775 x 10“ 


= 98.473 


\ Z4-. 


* = 4.71 
r 


200 x 10 y 


= 133.219 


250 x 10 c 
n 2 E tt 2 ( 200 X 10 9 ) 


Eq. (10.38) 


(L/r) 2 


(98.473) 2 


= 203.56 MPa 


0.658 (o>/ov) j( 


= [o.65 8 (250/203 ' 56) ]250x 10 6 = 149.519 MPa 


Yw 


A h. 


1.67 


rv-3\ 149.519 x 10° 
(4.624 x 10 3 )- 


1.67 


414 kN 
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PROBLEM 10.60 

A column having a 3.5-m effective length is made of sawn lumber with a 114xl40-mm cross section. 
Knowing that for the grade of wood used the adjusted allowable stress for compression parallel to the grain is 
<j c = 7.6 MPa and the adjusted modulus is E = 2.8 GPa, determine the maximum allowable centric load for 
the column. 


SOLUTION 

Sawn lumber: 


c = 0.8 g c = 7.6 MPa E = 2800 MPa 

A = ( 114)(140) = 15,960 mm 2 

= 1 5,960 x 10“ 6 m 2 

d =\\ A mm = 1 14x1 0~ 3 m 


L/d = 3.5/1 14xl(T 3 =30.70 
0.822£’ (0.822)(2800) 
GcE ~ {Lid) 1 ~ (30.70) 2 


= 2.442 MPa 


^ = 0.32132 

u JJ^ce^c = 1 + 0.32132 =Q82583 
2c (2X0.8) 

v= Oce!^c = o , 401 65 


C P = u- Vm 2 - v = 0.29635 

<j all = C p <j c = (0.29635)(7.6) = 2.252 MPa 


P all = cr all 4 = (2.252 x 10 6 )(1 5,960 x 10" 6 ) 


P an = 35.9 kN ◄ 
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PROBLEM 10.61 

A sawn lumber column with a 7.5 x 5.5-in. cross section has an 18-ft effective length. Knowing that for the 
grade of wood used the adjusted allowable stress for compression parallel to the grain is <7 C = 1200 psi and 
that the adjusted modulus is E = 470 x 10 3 psi, determine the maximum allowable centric load for the column. 


SOLUTION 

Sawn lumber: 


c = 0.8 (T c = 1200 psi £' = 470xl0 3 psi 

A = (7.5)(5.5) = 41.25 in 2 d = 5.5 in. L = 18ft = 216 in. 


L/d = 216/5.5 = 39.273 

_ 0.822.C _ (0.822)(470xl0 3 ) 
° CE ~ (Lid) 2 ~ (39.273) 2 

<j ce! <j c ~ 0.20874 


250.49 psi 


u = \±Ec^c = L20874 = 0 j 5546 
2c (2X0.8) 

v = EmlEc_ = 0.26093 

C 


C P = m->/m 2 -v =0.19887 

cr all = C P o c = (0.19877)(1200) = 238.6 psi 


P a]1 = cr all A = (238.6)(41.25) = 9.84 x 10 3 lb P all = 9.84 kips ◄ 
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PROBLEM 10.62 

Bar AB is free at its end A and fixed at its base B. Determine the allowable 
centric load P if the alu m inum alloy is (a) 6061-T6, ( b ) 2014-T6. 


SOLUTION 


A = (3 0)(1 0) = 300 mm 2 = 300 x 10“ 6 m 2 
^in = ^(30)(10) 3 = 2.50 x 10 3 mm 4 


2.50 x 10 4 


300 

L e = 2L = (2X85) = 170 mm 


2.887 mm 


58.88 


(a) 6061-T6 : L/r < 66 

< 7 all = 140 - 0.874(Z/r) = 140 - (0.874)(58.88) 

= 88.53 MPa 

P a u = a M A = (88.53 x 10 6 )(300 x 10“ 6 ) = 26.6 x 10 3 N 
Allowable centric load. 


0 b ) 2014-T6 : 


L/r > 55 


'all 


382 x IQ 3 _ 382 x 10 
(L/r) 2 ~ (58. 88) 2 


3 


110.15 MPa 


'’all = Call' 4 = (110.15 x 10 b )(300 X 10" 6 ) = 33.0 x 10 J N 
Allowable centric load. 


P M = 26.6 kN ◄ 


P all = 33.0 kN ◄ 
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t = 0.375 in. 


4.0 

PROBLEM 10.63 

m - A compression member has the cross section shown and an effective 

length of 5 ft. Knowing that the aluminum alloy used is 2014-T6, 

Hpfprminp tho q 1 h"t \ x / q K 1 r'pmtr ir» 1 n q ri 

i 

4.0 in. *- 

i 


SOLUTION 


b a = 4.0 in. b t = b 0 - 2t = 3.25 in. 
A = (4.0) 2 - (3.25) 2 = 5.4375 in 2 


/ = 


r = 


— [(4.0) 4 - (3.25) 4 ] = 12.036 in 4 


12.036 

5.4375 


1.488 in. 


L e = 5 ft = 60 in. 


L 

r 


60 

1.488 


= 40.33 < 55 


for 2014-T6 alu m i n um alloy. 


<r all = 30.9 - 0.229 (L/r) = 30.9 - (0.229)(40.33) = 21.66 ksi 

P all = cr M A = (21.66X5.4375) P M = 117.8 kips ◄ 
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— 4 in. — ^ 

\ 

in. 

1 1 

0.6 in. 

- 

t 

^ 0.4 in. 

1 


PROBLEM 10.64 

A compression member has the cross section shown and an effective length of 
5 ft. Knowing that the aluminum alloy used is 6061-T6, determine the allowable 
centric load. 


SOLUTION 


/ x =^( 0.4)(2.8) 3 + 2 
= 14.7477 in 4 


I y = — (2.8)(0.4) 3 + 2 


12 

= 6.4149 in 4 = T 


~(4)(0.6) 3 + (4)(0.6)(1.7) 2 


“(0-6) + (4) 3 


A = (0.4)(2.8) + (2)(4)(0.6) = 5.92 in 2 


An in 


6.4149 

5.92 


1.04096 in. 


L = 5 ft = 60 in. 


60 


= 57.639 


r 1.04096 

6061-T6 aluminum alloy with L/r < 66: 

Using Eq. 10.43, we have 

<r all = 20.3 - (0.127X57.634) = 12.9799 ksi 
^,11 = O'aii A = (12.9799X5.92) 


P a u = 76.8 kips A 
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PROBLEM 10.65 

A compression member of 8.2-ft effective length is obtained by bolting together 
two L5 x 3 x y-in. steel angles as shown. Using allowable stress design, determine the 
allowable centric load for the column. Use a Y = 36 ksi and E = 29 x 10 6 psi. 


SOLUTION 


II A 

Axis I I 




For one 5 x 3 x --in. steel angle, Appendix C gives 


A = 3.75 in 2 


9.43 in 4 , r x 


1.58 in., y = 1.74 in. 


I y = 2.55 in 4 , r y = 0.824 in., v = 0.746 in. 


For the column made using the two angles as shown, 


A = (2)(3.75) = 7.50 in 2 , 7 min = (2)(2.55) = 5.10 in 4 

T Q«4 

r = 0.824 in. L = 8.2 ft = 98.4 in. - = — — = 

r 0.824 


119.42 


Steel: 

Transition: 


E = 29,000 ksi, a Y = 36 ksi 


_ = 4.71 — = 4.71 


29,000 


36 


133.68 


7I 2 E 


^~ 2 (29, 000) 

(L/r) 2 ~ (119.42) 2 


= 20.070 ksi 


16.992 


o- cr = [0.658^ ae ]c7 Y = [0.65 s (36/ 20 070) ] (3 6) = 16.992 ksi 


Till 


1.67 


1.67 


10.175 ksi 


Allowable centric load: 


^all - ^all^ 


P all = (10.175)(7.50) 


P a ii = 76.3 kips -4 
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PROBLEM 10.66 

A compression member of 9-m effective length is obtained by welding two 10-mm-thick 
steel plates to a W250 x 80 rolled-steel shape as shown. Knowing that o Y ~ 345 MPa and 
E = 200 GPa and using allowable stress design, determine the allowable centric load for the 
compression member. 


SOLUTION 

For W250 x 80, 


A = 10,200 mm 2 , d = 257 mm, bj- = 254 mm 
I x = 126 x 10 6 mm 4 , I v = 42.9 x 10 6 mm 4 


For one plate, 


A = (257)00) = 2570 mm 4 


1 


I x = —(10X257)' = 14.145 x 10° mm 4 


I y = -^(257)(10) 3 + (2570) 


254 10 

1 

2 2 j 


= 44.801 xlO 6 mm 4 


For column, 


A = 10,200 + (2X2570) = 15.34 x 10 3 mm 2 = 15.34 x 10“ 3 m 2 

I x = 126 x 10 6 + (2)04.145 x 10 6 ) = 154.29 x 10 6 mm 4 

I v = 42.9 x 10 6 + (2)(44.801 x 10 6 ) = 132.50 x 10 6 mm 4 = 7 mir 


An in 

A 


L. 


92.938 x 10 


132,50 xlO 6 
' 15.34 xlO 3 

= 96.838 


= 92.938 mm = 92.938 x 10“ 3 m 


,-3 


Steel: 


Transition L/r\ 4.71 I — = 4.71 


200 x !Q y 
345 x 10 6 


113.40 > 96.838 


k~E ^ 2 (200 x 10 9 ) 


{LlrY 

(7 rr 


210.49 MPa 


'all 


F.S. 1.67 


(96.838) 2 

1 [0.65 8 345/21049 ](345) = 104.03 MPa 


P a u = a M A = (104.03 x 10°)(15.34 x 10“ 3 ) 


P M = 1596 kN ◄ 
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PROBLEM 10.67 

A column of 6.4-m effective length is obtained by connecting 
four L89 x 89 x 9.5-mm steel angles with lacing bars as shown. 
Using allowable stress design, determine the allowable centric 
load for the column. Use cr Y = 345 MPa and E = 200 GPa. 


SOLUTION 

89 x 89 x 9.5 mm angle: 


F 


j 

loo 


T 


7*f.2 

L 1 


A l = 1600 mm 
v = 25.4 mm 
I x = 1.19 x 10 6 mm 2 
d = 100 - x = 74.2 mm 

I = 4(Ad 2 + I x ) = 4[(1600)(74.2) 2 + 1.19 x 10 6 ] 
= 39.996 xlO 6 mm 4 
A = 4A l = 6400 mm 2 = 6400 x 10“ 6 m 2 

r = J— = 79.053 mm = 79.053 x 10" 3 m 
\A 


6.4 


79.053 x 10“ 


= 80.958 


_ = 4.71 — = 4.71 


200 x 10 y 
345 x 10 6 


= 113.4 > 80.958 


n 2 E _ n 2 { 200 x 10 9 ) 


{L/rf 


(80.958) 2 


301.17 MPa 


[0.658 ( ' Ty/ ' Te) ] = [0.65 8 (345/301 17) ](345 x 10 6 ) = 213.59 
(7~ r 213.59 


y all 


1.67 1.67 


127.9 MPa 


P a u = A o- all = (6.4 x 10 _3 )(127.9 x 10 6 ) = 819 MPa 


◄ 
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PROBLEM 10.68 

A column of 21 -ft effective length is obtained by connecting CIO x 20 
steel channels with lacing bars as shown. Using allowable stress design, 
determine the allowable centric load for the column. Use ay = 36 ksi and 
E = 29 x 10 6 psi. 


SOLUTION 

CIO x 20: A = 5.87 in 2 v = 0.606 in. 

I x = 78.9 in 4 I y = 2.80 in 4 

d = 3.5 - x = 2.894 in. 

For the column, A = (2)(5.87) = 1 1 .74 in 2 
/,. = (2)(78.9) = 157.8 in 4 
7=2 [2.81 + (5.87)(2.894) 2 ] = 103.945 in 4 


103.95 

11.74 


2.976 in. 


L =21 ft = 252 in. 


^ = 84.69 
r 

— = 4.71 


4.71 


29 x 10 6 


V 36 x 10 3 


133.68 > 84.69 


^ 2 (29xl0 3 ) = 39.906 


(. L/ry (84.69) 

a cr = [0.658 (<Ty/<Te) ]o- 7 =[0.658 (36/39 ' 906) ](36) = 24.678 ksi 
a„ 24.678 


■'all 


14.7775 


1.67 1.67 

■Pall = A ^aii = (11-74X14.7775) = 173.5 kips 




1 
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38 mm 
38 mm 
38 mm 
38 mm 


PROBLEM 10.69 

The glued laminated column shown is made from four planks, each of 38 x 190-mm 
cross section. Knowing that for the grade of wood used the adjusted allowable 
stress for compression parallel to the grain is <j c = 10 MPa and E - 12 GPa, 
determine the maximum allowable centric load if the effective length of the 
column is (a) 7 m, ( b ) 3 m. 


SOLUTION 


Glued laminated column , c = 0.9, K CE =0.418 


>c 


(a) L = 7 m = 7000 mm 


CE 

10 MPa E = 12,000 MPa 
4 x 38 = 152 mm = d b = 190 mm 

A = (152X190) = 28.88 x 10 3 mm 2 =28.88 x 10“ 3 m 2 

- = 46.053 


g ce 

g ce 


g ce /g c 


K ce E _ (0.418)(12,000) 
{Lid) 2 ~ (46.053) 2 

0.236510 

1 + <J C£ /<J C _ 1.19709 
2c ” (2)(0.9) 

0.262788 


2.36510 MPa 


0.68695 


(b) 


C P 


''all 


= U 


E 2 


a r C, 


C'-'P 


- v = 0.22966 

(10)(0.22966) = 2.2966 MPa 


^11 = 0-aiP 4 = (2.2966 X 10°)(28.88 x 10“ 3 ) = 66.3 x 10 J N = 66.3 kN 

L = 3 m = 3000 mm — = 19.7368 

d 


_ KceE - (0-418X12,000) 
° CE ~ (J Ltd ) 2 _ (19.7368) 2 


1 + o- C£ /cr, 


= 12.8766 MPa = 1.28766 


1.27092 


, _ 2,28766 
2c " (2X0.9) 

C p = uE 2 - v = 0.84138 

<T a ii = <r c C P Q. 0)(0.84138) = 8.4138 MPa 


CceI^c 


1.43074 


p aii = cTaii- 4 = (8.4138 X 10°)(28.88 x 10“ 3 ) = 243 x 10“ J N = 243 kN 


1-3 i 


◄ 


◄ 
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6mm. 8mm 8mm/ 6 “ 

- 34 mm - 


8 mm 


54 mm 


8 mm 


PROBLEM 10.70 

An aluminum structural tube is reinforced by bolting two plates to it 
as shown for use as a column of 1.7-m effective length. Knowing 
that all material is aluminum alloy 2014-T6, determine the 
maximum allowable centric load. 


SOLUTION 


b Q = 6 + 8 + 34 + 8 + 6 = 62 mm 
b i = 34 mm 

h Q = 8 + 54+ 8 = 70 mm 
h i = 54 mm 


A 

h 


r 

L 

r 


°"all 


KK - b,h, = (62X70) - (34X54) 

2.504 x 10 3 mm 2 = 2.504 x 10" 3 m 2 

^[b 0 hl - b,hf] = ^[(62)(70) 3 - (34)(54) 3 ] 

1.32602 xlO 6 mm 4 


^[h 0 bl - hfij ] = yt-[(70)(62) 3 - (54)(34) 3 ] = 1.21337 x 10 6 mm 4 = /„ 


12 

1 1.21337 x 10^ 
I 2.504 xlO 3 


22.013 mm = 22.013 x 10" 3 m L = 1.7 m 


1.7 


22.013x10 
382 x 10 3 382 x 10 3 


- 7 - = 77.23 > 55 (aluminum alloy 2014-T6) 


(L/rf 


77.23 z 


= 64.05 MPa 


= a all A = (64.05 x 10 6 )(2.504 x 10" 3 ) = 160.4 x 10 3 N 


P all = 160.4 kN ◄ 
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SOLUTION 

Glued laminated column: c = 0.9 E = 5700 MPa 


Assume C P . 


Checking: 


L e -2L = (2)(2) = 4 m = 4000 mm 
(j c = 9.2 MPa 
^ = d 2 P M = 62,000 N 
LJd = 4000/J with d in mm 

a n\\ = 


=9.2 C P (MPa) 


d 


°'CE 



62,000 _ 249 

1 ^all V 

°"all y] 



0.822 E (0.822)(5700) 4685 . 

T = ~ —j — “ = T (MPa) 

(L/df (L/df (Lklf 


i 1 + <J CE^ <J C 

P 

2 c 


f 1 + Cr C£ /cr C 


\2 


2c 


7 cfJ a c 
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PROBLEM 10.71 (Continued) 


Calculations are carried out in the following table: 


C P (assumed) 

< 7 all( MPa ) 

d( mm) 

Lid 

<r C£ (M pa ) 

°CE I(J C 

C P ( calc.) 

AC P 

0.5 

4.6 

116.1 

34.45 

3.948 

0.4291 

0.4021 

-0.0979 

0.4 

3.68 

129.8 

30.82 

4.932 

0.5361 

0.4892 

+0.0892 

0.448 

4.122 

121.7 

32.87 

4.336 

0.4713 

0.4373 

-0.0107 

0.443 

4.076 

123.3 

32.44 

4.452 

0.4839 

0.4476 

+0.0046 


Using interpolation, C P = 0.443 + ~~~ (0.005) = 0.4445 

cr all = (0.4445)(9.2) = 4.0894 MPa 
249 

d = , =123.1 mm d = 123.1mm A 

VU 0894 
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PROBLEM 10.72 

An 18-kip centric load is applied to a rectangular sawn lumber column of 22-ft effective 
length. Using sawn lumber for which the adjusted allowable stress for compression 
parallel to the grain is <j c =1050 psi and the adjusted modulus is E = 440xl0 3 psi, 
determine the smallest cross section that can be used. Use b = 2d. 


SOLUTION 

Sawn lumber: 


Let 


c = 0.8 L = 22 ft = 264 in. 


J CE 


(0.822 )E 
cr c cr c (L/d) 2 


(0.822)(440x 10 3 )J 2 
(1050)(264) 2 
= 4.9423x10 3 J 2 

d 


x = - 


6 in. 


where 6 in. is a reference value for d. 


' CE 


■ 0.17792x 2 


u = 


1 + (J ce^ <j c _l + 0.17792x 2 


2c 


1.6 


v= °c ] M L = 0 '2224x 2 


C P = u — Vm 2 - v 


1 + 0.17792a: 
L6 


r l + 0.17792a: 2 ^ 


1.6 


-0.2224x 2 


^all — ^all^ — (CpC,-' )(bd ) — Cp<J c (2d ) 
= C /j (1050)(72a: 2 ) = 75,600 C P x 2 
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PROBLEM 10.72 (Continued) 


Determine ^all for various values of v. 


V 

u 

V 

C P 

^ii (lb) 

1.0 

0.73620 

0.22240 

0.17087 

12,920 

1.2 

0.78513 

0.32026 

0.24092 

26,227 

1.1 

0.75955 

0.26910 

0.20473 

18,729 

1.09 

0.75712 

0.26423 

0.20124 

18,075 

1.089 

0.75687 

0.26374 

0.20089 

18,011 


For 


K 11 =18 kips 
= 18,000 lb 

P an =18,000 lb x = 1.089 

d = (1.089)(6 in.) d = 6.53 in. ◄ 
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150 mm 










PROBLEM 10.73 

A laminated column of 2.1-m effective length is to be made by gluing 
together wood pieces of 25 x 150-mm cross section. Knowing that for 
the grade of wood used the adjusted allowable stress for compression 
parallel to the grain is cr c = 7.7 MPa and the adjusted modulus is 
E = 5.4 GPa, determine the number of wood pieces that must be used to 
support the concentric load shown when ( a ) P = 52 kN, ( b ) P = 108 kN. 


SOLUTION 


Glued laminated column: c = 0.90 


Let n = number of pieces. 

A = (150X25 n) = 3750« mm 2 
= 3750 x 10 -6 « m 2 


J = 25 x 10 3 « m if 
d = 150 x 10 -3 m if 
L e = 2.1m 

Al - 2.1 _ 84 

d 25 x 10 -3 « n 


n < 6 
n > 6 

if n < 6 


2.1 

0J~5 


14 if n > 6 


(j c = 7.7 MPa E = 5400 MPa a t 


CE 


(0.822)(5400) 

(Lid ) 2 


C P = 


l + < ^ceJJ[c_ 

2c 


1 + CJc/OcE 

2c 


°ce!°c 


°"all _ Cp a C 


^all _ a aU-d 


4439 

(Lid) 1 


MPa 


Calculations are carried out in the table below. 


n 

<7 (ml) 

A( 10" 6 m 2 ) 

L 

7 

a CE (MPa) 

g ce 

G c 

<7 

<j a ii (MPa) 

P all kN 

3 

0.075 

11,250 

28 

5.662 

0.7353 

0.6288 

4.842 

54.5 

4 

0.100 

15,000 

21 

10.066 

1.3073 

0.8453 

6.509 

97.6 

5 

0.125 

18,750 

16.8 

15.727 

2.0421 

0.9237 

7.112 

133.6 


(a) For P = 52 kN, use n = 3. A 

(b) For P = 108 kN, use n = 5. A 
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PROBLEM 10.74 

For a rod made of the aluminum alloy 2014-T6, select the smallest square cross section that 
may be used if the rod is to carry a 5 5 -kip centric load. 


SOLUTION 


Square cross section: 


A = d 2 , I = —d 4 , 
12 


L = 20 in. 


IT d 
r U - Vl2 


L _ 20Vl2 _ 69.282 

r d d 


2014-T6 aluminum alloy: 


Assume — < 55. 
r 


But 


< 7 all = 30.9 - 0.229- ksi = 30.9 - 15-866 ksi 
r d 

^,1 = <j^A - 30.9 d 2 - 15.8 66d kips 

P = 55 kips: 30.9 d 2 - 15.866J = 55 

d 2 - 0.51346^-1.7799 = 0 

, 0.51346 ± J(0.51346) 2 - (4)(-1.7799) 

2 

= 0.25673 ± 1.35861 d = 1.6153 in. 

L 69.282 on .. . , 

— = = 43.89 < 55 as required. 

d 1.6153 


d = 1.615 in. A 
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PROBLEM 10.75 

A 72-kN centric load must be supported by an aluminum column as shown. Using the 
aluminum alloy 6061-T6, determine the minimum dimension b that can be used. 


SOLUTION 

Rectangular cross section 2b x b : 


A = lb 1 


, (2 b)b 3 b 4 

I min — . ~ ~ r ’ ^ 

12 6 

L _ 0.45712 _ 1.5588 
~b ~ b " b 


Anin 


Tn’ 


L = 0.45 m 


6061-T6 aluminum alloy: 


Assume 


°”all “ 


- < 66 

r 


140 - 0.874- j MPa = 

r H0 (0.874)(1.5588)1 

r) 

b 


(10 6 ) Pa 


= 140x10° - 


6 1.3624x 10° 


Pa 


P a u = a all A = 280 x 10 6 6 2 - 2.7248 x 10 6 b N 


But 


P = 72 kN = 72 x 10 J N 


280 x 10 6 6 2 - 2.7248 x 10 6 6 = 72 x 10 3 
b 2 - 0.00973146 - 0.00025714 = 0 

_ 0.0097314 (0. 00973 14) 2 - (4)(-0.00025714) 

2 2 

b = 0.02162 m 


b = + 

= 0.0048658 ± 0.0167575 
L 1.5588 


0.02162 


72.09 > 66 (Assumption is false.) 
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PROBLEM 10.76 

An aluminum tube of 90-mm outer diameter is to carry a centric load of 
120 kN. Knowing that the stock of tubes available for use are made of alloy 
2014-T6 and with wall thicknesses in increments of 3 mm from 6 mm to 
15 mm, determine the lightest tube that can be used. 


SOLUTION 


L = 2250 mm, P = 120xl0 3 N r a = 45 mm 



r = 4 TIa 


For 2014-T6 aluminum alloy, 

cr all = 213 — 1.577(Z/r) MPa 


°”aU 


382 x IQ 3 
(Z/r) 2 


MPa 


1 all 


° a ll A 


if Ur < 55 

if Ur > 55 


Calculate ^all for each thickness. 


T 

mm 

n 

mm 

A 

mm 2 

I 

10 6 mm 4 

R 

mm 

Ur 

^all 

MPa 

^all 

kN 

6 

39 

1583 

1.404 

29.78 

75.56 

66.91 

105.9 

9 

36 

2290 

1.901 

28.82 

78.08 

62.66 

143.5 

12 

33 

2941 

2.289 

27.90 

80.65 

58.73 

172.7 

15 

30 

3534 

2.584 

27.04 

83.20 

55.18 

195.0 


Since ^all must be greater than 120 kN, use t = 9 mm. 4 
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PROBLEM 10.77 

A column of 4.6-m effective length must carry a centric load of 525 kN. Knowing that <j y = 345 MPa and 
E = 200 GPa, use allowable stress design to select the wide-flange shape of 200-mm nominal depth that 
should be used. 


SOLUTION 

Transition — : 


4.71 


= 4.71, 


200x10* 

345 x 10 6 


= 113.40 


P<?1± 

1.67 


, 1.67P (1.67)(525 x lCr) ,„_ 3 2 2 

A > = — t — -= 2.541 x 10 J m 2 = 2541 mm 2 


345 x 10° 


p < Q-877^ £’/ mil1 
1.671: 


> 


L67^ _ (1.67X525 xlQ3)( 4 .6) 2 _ ^ x ^ = 1QJ2 x 1(rW 


,m " 0.877^ 2 £' 0.877^ 2 (200 x 10 9 ) 

Try W200x 46.1. A = 5880 mm 2 , 7 min = 15.4 x 10 6 mm 4 , r = 51.3 mm 


4.6 


= 89.67 < 113.40 


51.1 x 10“ 

= 245.50 MPa 


k 2 E 


(LJr) 


a cr = (0.658 ffy/ ^)a r = [0.658 


-> 3 4 5 / 2 4 5.50 


](345) = 191.589 MPa 


Pan = ^ = (19L589 X 106)(588Q X 1Q " 6) = 675 kN > 525 kN 


1.67 1.67 

All lighter sections fail the minimum moment of inertia criterion. 


Use W200 x 46.1. ◄ 
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PROBLEM 10.78 

A column of 22.5-ft effective length must carry a centric load of 288 kips. Using allowable stress design, select 
the wide-flange shape of 14-in. nominal depth that should be used. Use oy = 50 ksi and E = 29 x 10 6 psi. 


SOLUTION 

Preliminary calculations. 


Transition — : 
r 


p<^xA 

1.67 


, 1.67P (1.67X288) ft „. 2 

A > = - - = 9.62 in 2 


50 


22.5 ft = 270 in. E = 29,000 ksi 


P < 0.877/r£/ mm 


1.67ZT 


1.67PL 2 (1.67)(288)(270) 2 4 

m ' n r\ rtrnn 2 77 rv QHH —2 / 


0Xll7T A E 0.877^- (29,000) 


4.71 


= 4.71 


29,000 

50 


= 113.43 


Try W14 x 82. A = 24.0 in 2 , 7 min = 148 in 4 , r = 2.48 in. 

h = 270 
r 


2.48 


108.87 < 113.43 


tS (29,000) 

(L e /r) 2 ~ (108.87) 2 


24.148 ksi 


cr cr = (0.658 ay/ae )a Y = [0.65 8 50/24148 


](50) = 21.018 ksi 


cr ct A _ (21.018X24.1) 


'all 


1.67 


1.67 


302 kips > 288 kips 


Use W14 x 82. ◄ 


All lighter 14-in. wide-flange shapes fail the minimum moment of inertia criterion. 
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PROBLEM 10.79 


A column of 17-ft effective length must carry a centric load of 235 kips. Using allowable stress design, select 
the wide-flange shape of 10-in. nominal depth that should be used. Use cy = 36 ksi and E = 29 x 10 6 psi. 
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PROBLEM 10.80 

A centric load P must be supported by the steel bar AB. Using allowable stress design, 
determine the smallest dimension d of the cross section that can be used when 
(a) P = 108 kN, (b) P = 166 kN. Use a Y = 250 MPa and E = 200 GPa. 


SOLUTION 


Transition — : 

r 


4.71 — = 4.71 


200 x 10 9 


V 250 x 10 6 


133.22 


L e = I = 1.4m A = (3 d)(d) = 3 d 2 I = ^(3 d){df = ^ d 4 


/ d 
r ~U ~ y/U 


0.288675(/ 


(a) P = 108 x IQ 3 N . 


Assume — > 133.22 

r 


'all 


dr = 


0.877;r 2 £7 

1.67 


0.877x 2 E 


-d 4 

4 


(4)0.67 )Pll _ (4)(1.67)(108 x 10 3 )(1,4) 2 
0.877 n 2 E ~ (0.877^- 2 )(200 x 10 9 ) 


= 816 x 10 m 


,-9 ™4 


d = 30.063 x 10" 3 m 


r = 8.678 x 10“ 3 m 


1.4 


8.678 x 10 


-3 


= 161.32 > 133.22 


d = 30.1 mm A 


C b ) P = 166 x IQ 3 N . 


Assume — > 133.22 
r 


(4)(1.67)(166 x 10 3 )(1.4) 2 


(0.877^- 2 )(200 x 10 9 ) 

-3 


1.25548 xlO -9 m 4 


d = 33.474 x 10 m 


r = 9.663 x 10 3 m 


1.4 


9.633 x 10" 


144.88 > 133.22 


d = 33.5 mm -4 
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PROBLEM 10.81 

A square steel tube having the cross section shown is used as a column of 26-ft 
effective length to carry a centric load of 65 kips. Knowing that the tubes available 
for use are made with wall thicknesses ranging from d in. to d in. in increments of 
-d- in., use allowable stress design to determine the lightest tube that can be used. 
Use g y - 36 ksi and E - 29 x 10 6 psi. 


SOLUTION 


^ b i =b 0 -2t A = b 2 0 -bf 
I = ^(b 4 0 -b?) 

L e = 26 ft = 312 in. P = 65 kips 
<j 7 =36ksi £' = 29xl0 6 psi = 29xl0 3 ksi 


Transition LJr: 


4.71 — = 4.71 


29,000 


36 


= 133.68 


Try t = — in. = 0.5 in. h = 5.0 in. ^4 = 6 2 — 5.0 2 =11 in 2 
2 

1 


/ = — [(6) 4 - (5.0) ] = 55.9167 in 4 


— = 2.2546 in. 
I A 


L 312 


= 138.382 >133.68 


r 2.2546 

^ = °- 877 ^ = (°- 8 77^(29,000) = i 3 .io 8ks i 


P,n = 


{L e lrf (138.382) 2 

a cr A (13.108X11) 


1.67 


1.67 


= 86.34 kips 


p* is approximately proportional to t. 


t _ 65 
0.5 " 86.34 


t « 0.3765 in. 
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PROBLEM 10.81 (Continued) 


Try t = — in 
8 
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PROBLEM 10.82 


Solve Prob. 10.81, assuming that the effective length of the column is decreased to 
20 ft. 

6 in. 

PROBLEM 10.81 A square structural tube having the cross section shown is used as a 
— column of 26-ft effective length to carry a centric load of 65 kips. Knowing that the 
tubes available for use are made with wall thicknesses ranging from j in. to j in. in 
increments of A- in., use allowable stress design to determine the lightest tube that can 
be used. Use g y = 36 ksi and E = 29 x 10 6 psi. 


SOLUTION 


Steel: 


1 


b 0 = 6 in. b t = b 0 - 2t A = b 2 0 - bf 




12 

E = 20 ft = 240 in. 


P = 65 kips 


g y = 36 ksi E - 29 x 10 6 psi = 29 x 10 3 ksi 


Transition — : 
r 


4.71 — = 133.68 


Try t = E in. = 0.5 in. b { - 5.0 in. A = 6 2 - 5.0 2 = 11 in 2 
/ = -t.[(6) 4 - (5.0) 4 ] = 55.9167 in 4 


r = . — = 2.2546 in. 

\A 

j ?40 

s- = = 106.449 < 133.68 

r 2.2546 

n 2 E ^ 2 (29 x 10 3 ) , . 

<j„ = T 1 = 25.262 ksi 

(LJrf (106.442) 2 

< 7 a = (0.658^ J<j Y = [0.65 8 36/25 262 ](3 6) = 19.827 ksi 

= 130.60 kips 


„ _ a cr A _ (19.827)(11) 

Uill “ 


1.67 1.67 

^all is approximately proportional to t. 

t ~ 65 

0.5 ~ 130.6 


t ~ 0.249 in. 
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PROBLEM 10.82 (Continued) 


Try t = 


— in. = 0.25 in. 
4 


5.5 in. A = 5.75 in 2 


7 = ii [(6)4_(5-5)4] = 31-745 in4 


240 


0 \ = 


2.3496 
^t 2 (29 x 10 3 ) 


(102.143) 2 


102.143 < 133.68 
= 27.433 ksi 


[0.65 8 36/27 433 ] (3 6) = 20.786 ksi 


2.3496 in. 


„ (20.786)(5.75) , , . „ , . 

P a n = = 71.5 kips > 65 kips 


1.67 


Use t = 1/4 in. <4 
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PROBLEM 10.83 

|- — 89 

mm — — 89 mm — 

Two 89 x 64-mm angles are bolted together as shown for use as a column of 


N 

" t 

2.4-m effective length to carry a centric load of 180 kN. Knowing that the 


5 

jg 64 mm 

angles available have thickness of 6.4 mm, 9.5 mm, and 12.7 mm, use 



T \ 

allowable stress design to determine the lightest angles that can be used. Use 




(J Y = 250 MPa and E = 200 GPa. 


SOLUTION 


Transition — : 4.71 — 


4.71 


200 x 10 9 


V 250 x 10 6 


= 133.22 


Try L89 x 64 x 9.5. 


A = (2)(1360) = 2720 mm 2 = 2720 x 10“ 6 mm 

r = 18.2 m m = 18.2 x 10 -3 m (r y in Appendix C) 
LJr = 2.4/18.2 x 10“ 3 = 131.9 < 133.22 
;t 2 (200 x 10 9 ) 


j?F_ 

(LJr) 2 


(131.9) 2 


113.51 MPa 


(0.658^ /<Te )a Y = [0.658 


250/113.51 


](250) = 99.45 MPa 


= 


a cr A _ (99.45 x 10 6 )(2720 x 10“ 6 ) 


_ cr _ 

1.67 


1.67 


= 162.0 kN < 180 kN 


Try L89 x 64 x 12.7. 


Do not use. 

A = (2X1770) = 3540 mm 2 = 3540 x 10“ 6 m 2 


r x = 17.8 mm = 17.8 x 10 3 m 
LJr = 2.4/17.8 x 10“ 3 = 134.83 > 133.22 


cr. = 


t Je_ 

(LJr ) 1 


;t 2 (200 x IQ 9 ) 
(134.83) 2 


= 108.58 MPa 


<r cr = 0.877cr e = (0.877)(1 08.58) = 95.224 MPa 


<j ct A _ (95.224 x 10 6 )(3540 x 10" 6 ) 


'all 


1.67 


1.67 


202 kN > 180 kN 


Use L89 x 64 x 12.7. ◄ 
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64 mm 64 mm PROBLEM 10.84 


— r Two 89 x 64-mm angles are bolted together as shown for use as a column of 2.4-m 

8g I effective length to carry a centric load of 325 kN. Knowing that the angles available 

89 j 1 ™ have thicknesses of 6.4 mm, 9.5 mm, and 12.7 mm, use allowable stress design to 

J i_ determine the lightest angles that can be used. Use oy = 250 MPa and E = 200 GPa. 


SOLUTION 


Transition — : 4.71 j — 


4.71 


200 x 10 


' 250 x 10' 
Try L89 x 64 x 9.5. 


= 133.22 


A = (2X1360) = 2720 mm 2 = 2720 x 10“ 6 m 2 


I x = (2X1.07 x 10 6 ) = 2.14 x 10 6 mm 4 

/ = (2)[0.463 x 10 6 + (1360)(16.9) 2 ] = 1.70285 x 10 6 mm 4 = f n 


An in 

A 


1.70285 xl0 b 


L. 


2.4 


25.021 x 10 


,-3 


2720 
= 95.919 < 133.22 


= 25.021 mm x 25.021 x 10 3 m 


^=^=^ 2 ° 0X1 °)= 214.55 MPa 


(LJrf 


(95.91 9) z 


<j cr = (0.658^^ )a Y =[0.658 


3250/214.55 


](250) = 153.51 MPa 


a cr A _ (153.51 x 10 6 )(2720 x 10“ 6 ) 


‘all 


1.67 


1.67 


250 kN < 325 kN 


Do not use. 


Try L89 x 64 x 12.7. A = (2)(1780) = 3560 mm 2 = 3560 x 10" 6 m 2 
I x = (2X1.36 x 10 6 ) = 2.72 x 10 6 mm 4 


(2)[0.581 x 10 6 + (1780)(18.1) 2 ] = 2.3283 x 10 6 mm 4 


2.3283 x 10° 


r 

= 


2.4 


25.574 x 10 


-3 


3560 
= 93.846 < 133.22 


25.574 mm = 25.574 x 10“ 3 m 


t ?E_ 

(LJrf 


7^(200 x IQ 9 ) 
(93.846) 2 


= 224.13 MPa 
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< 5 in. > 


PROBLEM 10.85* 

, 

A rectangular steel tube having the cross section shown is used as a column 
of 14.5-ft effective length. Knowing that cy = 36 ksi and E = 29 x 10 6 psi, 

t 16 in,— ^ 


7 i 

n use load and resistance factor design to determine the largest centric live 
load that can be applied if the centric dead load is 54 kips. Use a dead load 
factor y D =1-2, a live load factor y L - 1.6, and the resistance factor 
^ o = 0.90. 


SOLUTION 


L e = 14.5 ft = 174 in. 
b„ = 1 in. 


fe = 7 -( 2 )l- 


5 in. 


A = (7)(5) - 


h t = 5- (2) 


16 


r 3 • 

6— in. 
8 

4- in. 


f 6 l] 

8j 


4- 


= 7.109375 in 2 


/ = — 
12 


(7)(5) 


3 


6— 

8 


4— 

8 y 


28.42967 in 4 


Transition L/r. 


r = J — = 1.99972 in. 
\A 


4.71 = 4.71 = , 33.68 


36 


4 


174 


— zz 

r 1.99972 

7I 2 E 


= 87.012 <133.68 


(W 


= 37.804 ksi 


cr cr = [0.658^ /CTe ]oY = [0.658 36737 804 ](36) = 24.166 ksi 
= Ao" cr = (7.109375)(24.166) = 171.804 kips 

r D p D + r L p L = <p p u 

(1.2)(54) + (1.6 )P L = (0.90)(1 7.804) 


P L =56.1 kips A 
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PROBLEM 10.86* 


A column with a 5.8-m effective length supports a centric load, with a ratio of dead to live load equal to 1.35. 
The dead load factor is y D = 1.2, the live load factor y L = 1.6, and the resistance factor cp = 0.90. Use load 
and resistance factor design to determine the allowable centric dead and live loads if the column is made of 
the following rolled-steel shapes: (a) W250 x 67, ( b ) W360 x 101. Use cr Y = 345 MPa and E = 200 GPa. 
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PROBLEM 10.87 

A steel column of 5.5 -m effective length must carry a centric dead load of 310 kN and a centric live load of 
375 kN. Knowing that cr Y = 250 MPa and E = 200 GPa, use load and resistance factor design to select the 
wide-flange shape of 310-mm nominal depth that should be used. The dead load factor is y D = 1.2, the live 
load factor is y L = 1.6, and the resistance factor is <p = 0.90. 


SOLUTION 

Transition — : 
r 

Design criterion : 
Required minimum Pu- 
Preliminary calculations: 


4.71 — = 4.71. 


200 x 10 


= 133.22 


250 x 10° 

7 i)Pn + YlPl — <PP V 

Pu = YpPp + YjA = (1-2X310) + (1.6)(375) = mQ ^ 


<P 


0.90 


I] < <j y A 


Ptt 1080 X 10 3 9 . n ^ „ 2 

A > -P- = — = 4.32 x 10 3 m 2 = 4320 mm 2 

oy 250 x 10 6 


Pu < 




Li 




C 1080 X 10 ^ 5 ’ 5 ' ) - 18.87 x 10“ 6 m 4 = 18.87 x 10 6 mm 4 


Q.877^ 0.877^(200 x 10 y ) 


Try W310 x 74. 


A = 9420 mm 2 


I y = 23.4 x 10 6 mm 4 r y = 49.8 mm 


L„ 


5.5 


r y 49.8 x 10“ 


= 110.44 < 133.22 


7r 2 E _ ^ 2 (200 X 10 9 ) 


(LJr y ) 


(110.44) 2 


161.83 MPa 


<T cr = [0.658 ar,t7e ]a Y = [0.658 


3250/161.83 


](250) = 130.96 MPa 


p v = Aa CI = (9420 x 10“ 6 m 2 )(130.96 x 10 6 Pa) = 1234 kN > 1080 kN 

(Acceptable) 

The next lighter shape, W3 10 x 60, with I y = 18.3 x 10 6 mm 4 , fails the moment of inertia criterion given 
above. 


Use W3 10x74. ◄ 
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PROBLEM 10.88* 

The steel tube having the cross section shown is used as a column of 15-ft effective 
length to carry a centric dead load of 51 kips and a centric live load of 58 kips. 
Knowing that the tubes available for use are made with wall thicknesses in increments 
of dr in. from ^ in. to | in., use load and resistance factor design to determine the 
lightest tube that can be used. Use a Y = 36 ksi and E = 29 x 10 6 psi. The dead load 
factor is y D = 1.2, the live load factor is y L = 1.6, and the resistance factor is <p = 0.90. 


SOLUTION 

Transition L!r\ 


Required: 


4.7,|A = 4.71.1^ = 133.68 

L e = 15 ft = 180 in. 

Yd^d + Yl^l — fiPu 


p _ YdPd+YlPl _ q-2)(51) + (1.6)(58) 
U q> 0.90 

= 171.11 kips 


Try 


t = — in. = 0.25 in. 
4 


b„ = 6.0 in. 


b { - b Q - 2t = 5.5 in. 


A = b 2 0 - bf = (6) 2 - (5.5) 2 = 5.75 in 2 

7 = “ b b = ii [(6)4 “ (5 ' 5)4] = 3L74 in4 


r ~ \~A ~ 
180 


31.74 

5.75 


2.3496 in. 




2.3496 

7T 2 E 


= 76.61 <133.68 


^■ 2 (29,000) 


C l Jr) 1 (76.6 1) 2 

[0.658 CT7/ ^]o- y = [0.658 


48.767 ksi 


36/48.767 


](36) = 26.431 ksi 


Pu 


A(7 cr = (5.75X26.431) = 151.98 kips < 171.1 1 kips 

Thickness is too small. 
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PROBLEM 10.89 

An eccentric load is applied at a point 22 mm from the geometric axis of a 
60-mm-diameter rod made of a steel for which <j y = 250 MPa and 
E - 200 GPa. Using the allowable-stress method, determine the allowable 
load P. 


SOLUTION 

For the solid circular cross section. 


c = —d = 30 mm = 0.030 m 
2 


A = nc 1 = ;r(0.030) 2 = 2.8274 x 10“ 3 m 2 


I = — c 4 
4 


L = 1.2 m 


r = .1— = —c = 0.015 m = 15 mm 
\A 2 


L _ 1.2 
7 ~ 0.015 


= 80 


Steel: 


E = 200 x 10 3 MPa, 


a Y = 250 MPa 


transition — = 4.71 I — = 4.71 


200 x 1Q J 
250 


= 133.22 


tt 2 E _ ^ 2 (200 x 10 3 ) 


(LI. r) 1 


(80) 2 


308.43 MPa 


<T cr = (0.658 ffy/fTe ) = [0.658 


^ 250 / 308.43 


](250) = 178.07 MPa 


Eccentric loading : 


Allowable load. 


a “ 1.67 
M = Pe 


106.63 MPa 
e = 22 mm 


-'all 


P Me 

1 

A I 


c 


1 + 


P 

(22)(30) 

(15) 2 


1 ec 


— h 

kA I 
\ 


P( t ec ' 

— l + -r 

r 2 y 


= 3.9333— 
A 


P = 


(T.mA 


_ _ (106.63 X 10 D )(2.8274X IQ- 3 ) = ^ ^ ^ N 


3.9333 


3.9333 


P = 76.7 kN ◄ 
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PROBLEM 10.90 

Solve Prob. 10.89, assuming that the load is applied at a point 40 mm from the 
geometric axis and that the effective length is 0.9 m. 

PROBLEM 10.89 An eccentric load is applied at a point 22 mm from the 
geometric axis of a 60-mm-diameter rod made of a steel for which 
a Y = 250 MPa and E = 200 GPa. Using the allowable-stress method, 
determine the allowable load P. 


SOLUTION 

For the solid circular cross section. 


c = —d = 30 mm = 0.030 m 
2 


A = nc 2 = ;r(0.030) 2 = 2.8274 x 10“ 3 m 2 


I = —c 4 

4 


L = 0.9 m 


r = J— = —c = 0.015 m = 15 mm 
Vx4 2 


L _ 0.9 
7 ~ 0.015 


= 60 


Steel: 


E = 200 x 10 J MPa, 


g y = 250 MPa 


L _ 
r 

= 



Eccentric loading : 


cr cr = [0.658 oy ' /a «] = [0.65 8 (250/548 30) ](250) = 206.57 MPa 

ct ,, = = 123.69 MPa = 123.69 x 10 6 Pa 

311 1.67 

M - Pe e = 40 mm 


"all 


P Me „ 
— + = P 

f 1 ec) 

_ p 

ft 

A I 

U + i) 

- ~A 

l r 2 ) 


1 + 


(40)(30) 

(1 5) 2 


6.3333- 


p = = (123.69 x 10 )(2.8274 x 10 ) = ^ ^ N 


6.3333 


6.3333 


Allowable load. 


P = 55.2 kN ◄ 
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PROBLEM 10.91 

A sawn-lumber column of 5.0 x 7.5-in. cross section has an effective 
length of 8.5 ft. The grade of wood used has an adjusted allowable 
stress for compression parallel to the grain a c = 1180 psi and an 
adjusted modulus E = 440 x 10 3 psi. Using the allowable-stress 
method, determine the largest eccentric load P that can be applied 
when ( a ) e = 0.5 in., (b) e =1.0 in. 


SOLUTION 

Sawn lumber: 


c = 0.8 

t = 8.5 ft = 102 in. 


b = 7.5 in. d = 5.0 in. 


A = bd = (7.5)(5.0) = 37.5 in 2 


L 102 
d ~ 5.0 


20.4 


a CE ta c = 869.1/1180 = 0.73652 


C D 


1 + <W g c 

2c 


c = — = 3.75 in. 
2 


1 


I x = — (5.0)(7.5) J = 175.78 in 4 

0.822P (0.822X440 x 10 3 ) 

a CE ~ 777777 _ 777 ^7 - 869.1 psi 


(Z/J) z 


(20.4) 


(1 + GceIOc 

2c 




0.5777 


<T a ii = = (1180X0.5777) = 681.7 psi 

Pan P„ ec _ 1 ec 

— — H — — — = cr all = Z?/ 3 ,!, where B = — H . 


all 


/ 


(a) e = 0.5 in . 


(. b ) e = 1 .0 in . 


n _ °~all 

a " ‘ ~Y 

B = — + 1°- 5 X 3 ' 75 ) = 0.037333 in -2 


37.5 175.78 

681.7 


'all 


0.037333 


18,2601b 


B = — + l 1 - 0 )! 3 - 75 ) = 0.048000 in -1 


37.5 175.78 

681.7 


'all 


0.048000 


14,202 lb 


P a u = 18.26 kips -4 


P a n = 14.20 kips ◄ 
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PROBLEM 10.92 

Solve Prob. 10.91 using the interaction method and an allowable 
stress in bending of 1300 psi. 

PROBLEM 10.91 A sawn-lumber column of 5.0 x 7.5-in. cross 
section has an effective length of 8.5 ft. The grade of wood used has 
an adjusted allowable stress for compression parallel to the grain 
o c =1180 psi and an adjusted modulus E = 440 x 10 3 psi. Using 
the allowable-stress method, determine the largest eccentric load P 
that can be applied when (a) e = 0.5 in., ( b ) e = 1.0 in. 


SOLUTION 

Sawn lumber: 


where 


(< a ) e - 0.5 in . 


(b) e = 1.0 in . 


c = 0.8 

t = 8.5 ft = 102 in. 


b = 7.5 in. d = 5.0 in. 


J CE 
G CE / G C 


c = — - 3.75 in. 
2 


A = bd = (7.5)(5.0) = 37.5 in 2 

I = — (5.0)(7.5) 3 = 175.78 in 4 
' 12 


L _ 102 
d ~ 5.0 


= 20.4 


<7rp — 


0.822 E _ (0,822)(440 x 10 3 ) 
(L/d) 2 ~ (20.4) 2 

869.1/1180 = 0.73652 


= 869.1 psi 


C P = 


^ + cr CE [_ G C 

2 c 


+ . 


^ 1 + a CE t <j c 

2 c 


EcdEc _ = 0.5777 


' all, centric 


= a c C P = (1180)(0.5777) = 681.7 psi 


'all 


^ ^all, centric ^ x ^all, bending 


= 1 Pall = B~ l (lb) 


B 

B 


ec 


• / ^ < - r all, centric ^x'^'all. bending 


(lb" 1 ) 


1 


• + ■ 


(0.5X3.75) 
(37.5)(681.7) (175.78)(1300) 

-V-6X-1 


-6 1 U -1 


P all = (47.323 x lO -0 ) -1 = 21,131 lb 


B 


1 


■ + ■ 


0 -0X3.75) 
(37.5)(681.7) (175.78)(1300) 

~,-6\-l 


47.323 x 10" 6 lb 


55.528 xlO -6 lb -1 


P all = (55.528 x lO -0 )- 1 = 18,009 lb 


P all = 21.1 kips -4 


P aU = 18.01 kips 4 
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PROBLEM 10.93 

A column of 5.5-m effective length is made of the aluminum alloy 
2014-T6, for which the allowable stress in bending is 220 MPa. 
Using the interaction method, determine the allowable load P, 
knowing that the eccentricity is (a) e = 0, (b) e = 40 mm. 


SOLUTION 


A = 152 mm b i - b 0 - 2t = 122 mm 


o 

A 


bl - b} = 8220 mm 2 = 8220 x 10“ 6 m 2 


U b '~ b ') 


26.02 x 10 6 mm 4 


— = 56.26 mm = 56.26 x 10" 3 m 
A 


L_ 

r 


5.5 


56.26 x 10 


i-3 


= 97.76 > 55 


382 x 10 382 x 10 


,3 


) all, c 

P 


(■ L/rf 
Pec 


(91 .16) 


39.98 MPa for centric loading 



^^all, c 

(a) 

0} 

II 

o 

II 

(b) 

e = 40 x 10 3 m: 


(8220 x 10' 


all ,b 


= (8220 x 10 _6 )(39.97 x 10 6 ) = 329 x 10 3 N 


,- 6 \ 


r\~3 


P( 40 x 10~ 3 )(76 x 10~ 3 ) 

/o/: no w in-6\/oon « in6\ 


P = 329 kN ◄ 


3.574 x 10 -6 P = 1 


P = 279.8 x 10 J N 


P = 280 kN ◄ 
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PROBLEM 10.94 

Solve Prob. 10.93, assuming that the effective length of the column 
is 3.0 m. 

PROBLEM 10.93 A column of 5.5-m effective length is made of 
the aluminum alloy 2014-T6, for which the allowable stress in 
bending is 220 MPa. Using the interaction method, determine the 
allowable load P, knowing that the eccentricity is (a) e - 0, 
(b) e = 40 mm. 


SOLUTION 


K 

A 

I 


r 

L_ 

r 


^all, c 


152 mm b i - b Q - 2t = 122 mm 
b 2 - b 2 = 8220 mm 2 = 8220 x 10“ 6 m 2 


U b '- b ‘) 


26.02 x 10 6 mm 4 


— = 56.26 mm = 56.26 x 10" 3 m 
A 


: T = 53.32<55 (2014-T6 aluminum alloy) 

56.26 x 10“ 3 

213 - 1.577(L/r) = 213 - (1.577)(53.32) = 128.91 MPa 


P Pec 1 
+ = 1 

^^all ,c ,b 


(a) e = 0: P = Aa allc = (8220 x 10“ 6 )(128.91 x 10 6 ) = 1060 x 10 3 N P = 1060 kN ◄ 

(, b ) e = 40 mm = 40xl0" 3 m: c = 2(152) = 76 mm = 76 x 10" 3 m 

L , ^(40xl0- 3 )(76xl0- 3 ) _ lA1A1 , l0 -e p _ x 

(8220 x 10“ 6 )(128.91 x 10 6 ) (26.02 x 10“ 6 )(220 x 10 6 ) 

P = 678 x 10 3 N P = 678 kN ◄ 
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PROBLEM 10.95 

A steel compression member of 9-ft effective length supports an 
eccentric load as shown. Using the allowable-stress method, 
determine the maximum allowable eccentricity e if {a) P = 30 kips, 
(b) P = 18 kips. Use a Y = 36 ksi and E- 29 x 10 6 psi. 
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PROBLEM 10.96 

Solve Prob. 10.95, assuming that the effective length of the column is 
increased to 12 ft and that (< a ) P = 20 kips, (b) P = 15 kips. 

PROBLEM 10.95 A steel compression member of 9-ft effective length 
supports an eccentric load as shown. Using the allowable-stress method, 
determine the maximum allowable eccentricity e if (a) P = 30 kips, 
(b) P = 18 kips. Use cy = 36 ksi and E- 29 x 10 6 psi. 
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PROBLEM 10.97 



3 in. 


3 in. 


Two L4 x 3 x -|-in. steel angles are welded together to form the 
column AB. An axial load P of magnitude 14 kips is applied at 
point D. Using the allowable-stress method, determine the largest 
allowable length L. Assume a Y - 36 ksi and E = 29 x 10 6 psi. 
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PROBLEM 10.98 


il in - 





Solve Prob. 10.97 using the interaction method with P = 18 kips 
and an allowable stress in bending of 22 ksi. 


PROBLEM 10.97 Two L4 x 3 x -|-in. steel angles are welded 
together to form the column AB. An axial load P of magnitude 14 
kips is applied at point D. Using the allowable-stress method, 
determine the largest allowable length L. Assume <j y = 36 ksi 
and£ = 29 x 10 6 psi. 
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PROBLEM 10.98 (Continued) 


Assume 


^ > 133.7 

r 


°"all 


- = 0.877 — T = 4.2333 

1.67 1.67 (L/r ) 2 


L_ (0.877)^ 2 (29,000) 
r ~ V 1-67(4.2333) 


= 188.43 > 133.7 


Z = (188.43)(1. 16736) = 219.97 in. 


L = 18.33 ft ◄ 
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PROBLEM 10.99 

A rectangular column is made of a grade of sawn wood that has an 
adjusted allowable stress for compression parallel to the grain 
g c - 8.3 MPa and a modulus of elasticity E = 11.1 GPa. Using 
the allowable-stress method, determine the largest allowable effective 
length L that can be used. 


SOLUTION 


E - 1 1,100 MPa d = 180 mm = 0.180 m b - 240 mm = 0.240 m 
A = bd = 43.2 x 1(T 3 m 2 


I x = — db 3 = — (0.180)(0.240) 3 = 207.36 x 10“ 6 m 4 


12 


12 


e - 25 mm = 0.025 m 


Pec 


h 

A I 


< <x 


all 


c - — - 0.120 m 
2 

-an * 85Xl °\ - — X 1Q 3 X Q - Q25 XQ-12°) = 3 1973 x 10 « Pa 


43.2 x 10“ 
3.1973 MPa 


207.36 x 10“ 


Define y and a as 


^ = 3J973 = J8522 
' <j, 8.3 


x - O CE I G C 


1 + X 


1 + X 

~2p ; 

x = y 


-y 


2c 

4 1 + a 
C 


y = 


■y 


' C 

1 + X 

~2c~ 


r l + x ^ 2 


2c 


X 

c 


where c = 0.8 for sawn lumber. 


^1 + xf 


2c ) 


x 

c 


+ y = 


\2 


1 + X j 

~2t 7) 


x 

c 


(1 - cy) 


= (0.38522) 


1 - (0.8)(0.38522) 


= 0.43350 


1 -y 1 - 0.38522 

a rK . = cr c (0.43350) = (8.3)(0.43350) = 3.598 MPa 

2 

where K CE = 0.300 


J CE 

a CE 


KceI 


{Lid ) 2 

Largest allowable effective length. 


, 2 _ K CF Ed 


'CE 


L = d 


\EceE_ = (0.180). 

°CE 


(0.300X1 1,100) 


3.598 


L = 5.48 m ◄ 
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PROBLEM 10.100 

Solve Prob. 10.99, summing that P = 105 kN. 

PROBLEM 10.99 A rectangular column is made of a grade of 
sawn wood that has an adjusted allowable stress for compression 
parallel to the grain <j c = 8.3 MPa and a modulus of elasticity 
E = 11.1 GPa. Using the allowable-stress method, determine the 
largest allowable effective length L that can be used. 


SOLUTION 


E = 11,100 MPa 
A = bd = 43.2 x 10" 

e = 25 mm = 0.025 m 
P Pec 


d = 180: 


- 3 m 2 I x 


b 3 = U().180)(0.240) 3 


+ — * CT all 


A L 


°"all 


db 3 = — (U.1SUXU.24U)-' = 2UV.J 

- = 0.120 m 
2 

, )(0.025)(0.120) = 3 9496 x 1Q 6 Pa 
.36 x 10" 6 


105 x IQ 3 (105 x 1Q : /v L 

207.36 x 10 


1 \JU Alt/ 

43.2 x 10- 


-3 


Define y and jc as 


= 3.9496 MPa 

C p = ^ = 0.47586 = x * = cr CE /a c 

g c 8.3 

v JC 

where c = 0.8 for sawn lumber. 

c 



1 ~ cy 




V 

(0.47586) 1 ~ ( Q - 8 X°- 47 ^ 86 ) = 0.56227 
1 - 0.47586 

7) = (8.3)(0,56227) = 4.6668 MPa 

where K CE = 0.300. 


L = 4.81m ◄ 
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PROBLEM 10.101 

An eccentric load P = 48 kN is applied at a point 20 mm from the geometric 
axis of a 50-mm-diameter rod made of the aluminum alloy 6061-T6. Using 
the interaction method and an allowable stress in bending of 145 MPa, 
determine the largest allowable effective length L that can be used. 


SOLUTION 


c 

I 

e 


P Pec 
1 

Aa aU,c ^ Cr all,/) 

P 

all,c 

1 

^all ,c 


^all,c 

Assume — > 66. cr allc 

r 

L 

r 

L 


—d = 25 mm A = nc 1 = 1.9635 x 1 0 3 mm 2 
2 

— c 4 = 306.8 x 10 3 mm 4 r = — = 12.5 mm 
4 ]lA 

20 mm cr all ^ = 145 x 10 6 Pa 
1 


Pec 

^al 1,6 



P 


1.9635 x!0~ 3 t (48 x 10 3 )(20 x 10~ 3 )(25 x 10~ 3 ) 
48 x 10 3 (306.8 x 10" 9 )(145 x 10 6 ) 


18.838 xlO" 9 Pa -1 


53.086 x 10 6 Pa = 53.086 MPa 


354 x IQ 3 

(Z/r) 2 


1 354 x IQ 3 

\ CT al U 


354 xlO 3 
53.086 


= 81.660 > 66 


81.660r = (81.660)(12.5 x 10 -3 ) 


L = 1.021m ◄ 
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PROBLEM 10.102 

Solve Prob. 10.101, assuming that the aluminum alloy used is 2014-T6 and 
that the allowable stress in bending is 180 MPa. 

PROBLEM 10.101 An eccentric load P - 48 kN is applied at a point 20 mm 
from the geometric axis of a 50-mm-diameter rod made of the aluminum alloy 
6061-T6. Using the interaction method and an allowable stress in bending of 
145 MPa, determine the largest allowable effective length L that can be used. 


SOLUTION 


c 

I 

e 


P Pec 
1 

^all, c ^all, b 

P 

^^all, c 

1 

^all, c 


Assume — > 55. cr all?c 


L 

r 

L 


1 


d = 25 mm A = 7rc 2 = 1.9635 x 10 3 mm 


— c 4 = 306.8 x 10 3 mm 4 r = — = 12.5 mm 
4 \A 

20 mm a all b = 180 x 10 6 Pa 


1 - 

A 

~P 


Pec 


la, 

1 - 


all, b 

P„ 


1(7 


all, b 


1.9635 x 10 


,-3 


48 x 10 


3 


(48 x 10 3 )(20 x 10~ 3 )(25 x 10~ 3 ) 
(306.8 xl0“ 9 )(l 80 xlO 6 ) 


23.129 xl0“ y Pa 


-l 


cr all = 43.237 x 10° Pa = 43.237 MPa 


382 x 10 

{Hr) 2 


382 x 10 J 


■'alLc 


382 X IQ J 
43.236 


= 93.995 > 55 


93.996r = (93.996)(12.5 x 10“ 3 ) 


L = 1.175 m ◄ 
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PROBLEM 10.103 

A compression member made of steel has a 720-mm effective length and must 
support the 198-kN load P as shown. For the material used, o Y ~ 250 MPa and 
E = 200 GPa. Using the interaction method with an allowable bending stress equal 
to 150 MPa, determine the smallest dimension d of the cross section that can be used. 


SOLUTION 

Using dimensions in meters, 

A = 40 x 10 ~ 3 d L e = 720 mm = 0.720 m 

I = —(40 x 10 “V = 5.3333 x 10 _< V 
* 12 

I v = —(40 x 10“ 3 )c? 3 = 3.3333 x 10“ 3 d 3 
y 12 


= = 20 mm = 0.020 m \e x \ = 18 mm = 18 x 10 3 m 


Transition — : 4.71 — = 4.71 


200 x 10 y 


V 250 xlO 6 


= 133.22 


Assume d > 40 mm = 40 x 10 3 m. 


Then 7 mm I x 


5.3333 x 10 6 d ,, t/l1 1A _ 3 L e 

5 = 11.547 x 10 m, — = 62.35 < 133.22 

' 40 x 10 ~ 3 d r 


tt 2 E _ tt 2 ( 200 x 10 9 ) 


(LJrf 


(62.35) 2 


507.76 MPa 


' all, centric 


} all, bending 


1.67 1.67 

150 MPa 


1 (0.65 8 250/507 ' 76 )(250) = 121.82 MPa 


Pex 


1 


b ' 

^^all, centric ^y^"all, bending 

198 x IQ 3 

(40 x 10 _3 J)(1 27.82 x 10 6 ) (3.3333 x 10"V j )(150 x 10°) 


(198 x 10 3 )(18 x 10“ 3 )(1^) 

? 1111 i n-3 j3\/i ca i r\ 6 \ 


40.634 x Iff 

J 


i-3 


3.5640 x 10" 


d 2 - 40.634 x 10“ 3 J - 3.5640 x 10“ 3 = 0 
d = 1(40.634 x 10“ 3 + 7(40.034 x 10“ 3 ) 2 + (4)(3.5640 x 10“ 3 ) 


d = 83.4 x 10 3 m > 40 x 10 3 m 


d = 83.4 mm A 
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PROBLEM 10.104 

Solve Prob. 10.103, assuming that the effective length is 1.62 m and that the 
magnitude of P of the eccentric load is 128 kN. 

PROBLEM 10.103 A compression member made of steel has a 720-mm effective 
length and must support the 198-kN load P as shown. For the material used, 
g y = 250 MPa and E = 200 GPa. Using the interaction method with an allowable 
bending stress equal to 150 MPa, determine the smallest dimension d of the cross 
section that can be used. 


SOLUTION 


Using dimensions in meters, 

A = 40 x \0~ 2 d L e = 1.62 m 

I = —(40 x 10 - 3 fd = 5.3333 x 10 ~ 6 d 
*12 


12 


I y = 7^(40 X 10“ 3 y 3 = 3.3333 x 10 “V 


-3 j3 


|x| = ^d, \y\ = 20 mm = 20 x 10 3 m 


Transition — : 4.71 = 4.71 


200 x 10 y 

V250xl0 6 


\e x \ = 18 mm = 18x10 3 m 
133.22 


Assume d > 40 mm 
r 


40 x 10 3 m. Then 7 min = I x 



5.3333 x 10 

3.3333 x 10"V 


1 1.547 xlO" 3 m, 


^ = 140.29 > 133.22 
r 


Q.877^ 

(LJrf 


0.877^ 2 (200 x 10 9 ) 
(140.29) 2 


87.958 MPa 


Acentric =^7 = 52.67 MPa 

1.67 

Abending = 150 MPa + — ^ 

^ ^all, centric * y ^"all, bending 

128 xlO 3 (128xlQ 3 )(18xlQ- 3 )(Tj) 

(40 x 10"V)(52.67 x 10 6 ) (3.3333 x 10 _3 c/ 3 )(150 x 10 6 ) 

60.756 x 10“ 3 2.304 x 10“ 3 

1 ^ 

d d 2 

d 2 - 60.756 x \0~ 2 d - 2.304 x 10“ 3 


1 

1 

1 

0 


d = 1 60.756 x 10“ 3 + 7(60.756 x 10“ 3 ) 2 + (4)(2.304 x 10“ 3 )j 

d = 87.2 x 10 -3 m > 40 x 10 -3 m d = 87.2 mm M 
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PROBLEM 10.105 

A steel tube of 80-mm outer diameter is to carry a 93-kN load P with an 
eccentricity of 20 mm. The tubes available for use are made with wall 
thicknesses in increments of 3 mm from 6 mm to 15 mm. Using the 
allowable-stress method, determine the lightest tube that can be used. 
Assume E = 200 GPa and cj y = 250 MPa. 


SOLUTION 


r Q = —d 0 = 40 mm, 


r i 

A 


7t(r; 


rh 


T 71 4 4 

1 = -(To ~ r i ) 


r = 


/(mm) 

r t (mm) 

.4 (mm 2 ) 

7(1 0 6 mm 4 ) 

r (mm) 

3 

37 

726 

0.539 

27.24 

6 

34 

1395 

0.961 

26.25 

9 

31 

2007 

1.285 

25.31 

12 

28 

2564 

1.528 

24.41 

15 

25 

3063 

1.704 

23.59 


Transition Llr\ 
Try t - 9 mm. 


4.71 — = 4.71, 


200 x l(r 
250 x 10 6 
2.2 


= 133.22 


25.31x10 

n 2 E 


i - 3 


86.92 <133.22 


c>„ = 


(LJrf 


^• 2 (200 x IQ 9 ) 

(86.92) 2 


= 261.27 MPa 


a - -5a- - 


1 


L„ = 2.2 m 


P = 93 x 10 N 


all 

Pec 


P 

1 

A I 


1.67 1.67 

93 x IQ 3 
2007 x 10“ 6 


[0.65 8 250/261 27 ](250) = 100.30 MPa 


(93 x 10 3 )(20 x 10 _3 )(40 x 10" 3 ) 


1.285 x 10 


-6 


= 104.2 MPa >100.3 MPa 


(not allowed) 
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PROBLEM 10.105 (Continued) 


Approximate required area: 100 3 J = 2085 mm 2 

Try t = 12 mm. ^ = — = 90.12 < 133.22 

r 24.41 x 10" 3 

<i e = 243.05 MPa 

<T all = 97.33 MPa 

P_ Pec_ _ 93 x 10 3 (93 x 10 3 )(20 x 10~ 3 )(40 x 10~ 3 ) 

A I ~ 2564 x 10 -6 1.528 xl0“ 6 

= 85.0 MPa < 97.3 MPa 


Use t = 12.00 mm. A 
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PROBLEM 10.106 

Solve Prob. 10.105, using the interaction method with P - 165 kN, e = 15 mm, 
and an allowable stress in bending of 150 MPa. 

PROBLEM 10.105 A steel tube of 80-mm outer diameter is to carry a 93-kN 
load P with an eccentricity of 20 mm. The tubes available for use are made with 
wall thicknesses in increments of 3 mm from 6 mm to 15 mm. Using the 
allowable-stress method, determine the lightest tube that can be used. Assume 
E = 200 GPa and o Y = 250 MPa. 


SOLUTION 


r n = —d n = 40 mm 
0 2 


A = 7r(r 2 - r 2 ) 


I 



IT 
r ~ i~A 


f(mm) 

^ (mm) 

A (mm 2 ) 

/(10 6 mm 4 ) 

r (mm) 

3 

37 

726 

0.539 

27.24 

6 

34 

1395 

0.961 

26.25 

9 

31 

2007 

1.285 

25.31 

12 

28 

2564 

1.528 

24.41 

15 

25 

3063 

1.704 

23.59 


L e = 2.2 m 
P = 165 x 10 3 N 
°"all, bending =150 MPa 


Transition Z/r: 
Try t - 9 mm. 



Act. 


■ + ■ 


^all, centric 

Pec 


all, centric 


I <J. 


all, bending 


4.71 


200 x 10 y 


V 250 x 10 6 


133.22 


2.2 


25.31x10 


-3 


= 86.92 < 133.22 


7l 2 E 

Ejr ) 2 


200 X 10 9 ) 

(86.92) 2 


= 261.27 MPa 


Es. = J_[o. 65 8 250/26L27 ](250) = 100.30 MPa 
1.67 1.67 

165 xlQ 3 (165 x 10 3 )(15 x 10~ 3 )(40 x 10~ 3 ) 

(2007 x 10“ 6 )(100.3 x 10 6 ) (1.285 x 10“ 6 )(150 x 10 6 ) 


0.820 + 0.514 = 1.334 > 1 


(not allowed) 
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PROBLEM 10.106 (Continued) 


Approximate required area: A = (1.334)(2007) = 2677 mm 2 

Try t = 12 mm. -^ = — T = 90.12 < 133.22 

r 24.41 x 10" 3 

<j e = 243.05 MPa 

^centric = 97 - 33 MPa 

P Pec 165 x IQ 3 

^°all, centric + /<7 all, bending (2564 X 10" 6 )(97.33 X 10 6 ) 

(165 X 10 3 )(15 X 10~ 3 )(40 x 10~ 3 ) 

(1.528 x 10“ 6 )(150 x 10 6 ) 

0.661 + 0.432 = 1.093 > 1 (not allowed) 


Try t = 15 mm. 


165 xlO 3 


^ = 93.26 

r 

cr e = 226.95 MPa 


' all, centric 


= 94.40 MPa 


(3063 x 10 _6 )(94.40 x 10 6 ) 


+ 


(165 x 10 3 )(1 5 x 10~ 3 )(40 x 1Q~ 3 ) 
(1.704 x 10" 6 )(150 x 10 6 ) 


0.958 < 1 

Use t = 15.00 mm. A 
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PROBLEM 10.107 

A sawn lumber column of rectangular cross section has a 2.2-m effective length and 
supports a 41-kN load as shown. The sizes available for use have b equal to 90 mm, 
140 mm, 190 mm, and 240 mm. The grade of wood has an adjusted allowable stress 
for compression parallel to the grain <j c =8.1 MPa and E = 8.3 GPa. Use the 
allowable-stress method to determine the lightest section that can be used. 


SOLUTION 

Sawn lumber: 


<j c =8.1 MPa 
c = 0.8 


E = 8.3 GPa 


K t 


CE 


0.300 


L 0 = 2.2 m 


1 all 


+ ■ 


P M ec _ 


= CJ. 


all 


e = 80 x 10 3 m, 


0.1906 nr 


c = T(i90) = 95 mm = 95 x 10“ 3 m 

— 6(0.190) 3 = 571.58 x 10“ 6 6 m 4 
12 


P a u(80 x 10~ 3 )(95 x Kr J ) _ 18.56^1, _ 


'all 


0.1906 


571.58 xl0“ 6 6 


= a r 


all 


P a n = 0.05388<j all 6 

d = 0.190 m or 6, whichever is smaller. 


_ KceE _ ( 0 . 300 )( 8300 ) 
° CE ~ ( Lid f ~ (2.2 Id) 2 


= 5 14.5c/ MPa 


°cfJ°c 


C v = 


= 63.5W 2 

8.1 

1 + cj ct /ct c 


2c 


\ + ^ce[^c 

2c 




\ + ^ceI^c 

1.6 


\ + ^ceIEc 

1.6 


0.8 


^all=^ C C„ = (8.1x10% 


'all 


(0.053886)(8.1 x 10 6 )C_ = 472.47 x 10 3 6C„ 
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PROBLEM 10.107 (Continued) 


Calculate K\\ for all four values of b. See table below. 

<_ p = 41 kN 
Use b = 0.140 m. 


b(m) 

d (m) 

g cfJ g c 


Pall (kN) 

0.090 

0.090 

0.51443 

0.44367 

18.87 

0.140 

0.140 

1.24480 

0.76081 

50.3 

0.190 

0.190 

2.2927 

0.8878 

79.7 

0.240 

0.190 

2.2927 

0.8878 

100.7 


b = 140.0 mm ◄ 
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PROBLEM 10.108 

Solve Prob. 10.107, assuming that e = 40 mm. 

PROBLEM 10.107 A sawn lumber column of rectangular cross section has a 2.2-m 
effective length and supports a 41-kN load as shown. The sizes available for use 
have b equal to 90 mm, 140 mm, 190 mm, and 240 mm. The grade of wood has an 
adjusted allowable stress for compression parallel to the grain cr c =8.1 MPa and 
E = 8.3 GPa. Use the allowable-stress method to determine the lightest section 
that can be used. 


SOLUTION 

Sawn lumber: 


g c =8.1 MPa 
c = 0.8 

L„ = 2.2 m 


E = 8.3 GPa 
K ce = 0.300 


^all | ^W eC _ _ 

A L a11 


e = 40xl0 m, 


A = 0.1906 nr 


c = T (1 90) = 95 mm = 95 x 10“ 3 m 
I x = ^6( 0.190) 3 = 571.58 x 10" 6 6 m 4 


^aii , P all (40xl0- 3 )(95xl0-Q 1 1.91 lP all g 

0.1906 571.58 xl0“ 6 6 6 a11 

P al{ = 0.083953cr all & 

d = 0.190 m or b , whichever is smaller. 


a -3\ 


a CE ~ 


_K^_ (0.300X8300) = 514-5rf2MPa 


(L/d) z (2.2/d) 


, 514.5 d z „ r , , 2 

(j CE /o'c = = 63.51a 

8. 1 


C„ 


1 + Q C E lo C 

2c 

\ + < ^ce[_ <r c 

1.6 


\ + (ycE^c 

2c 


a CE^ a C 


\ + ( ^ce[_ °C 

1.6 


< Zce[_ <Zc 

0.8 


<\u = ° C C P = (8.1 x 10% 

P M = (0.0839536X8.1 x 10 6 )C = 680.02 x 10 3 6C 
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PROBLEM 10.108 (Continued) 


Calculate K\\ for all four values of b. See table below. 

<_ p = 41 kN 
Use b = 0.140 m. 


b(m) 

d (m) 

(J CE^ (J C 


Pall (kN) 

0.090 

0.090 

0.51443 

0.44367 

27.2 

0.140 

0.140 

1.24480 

0.76081 

72.4 

0.190 

0.190 

2.2927 

0.8878 

114.7 

0.240 

0.190 

2.2927 

0.8878 

144.9 


b = 140.0 mm ◄ 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1752 





PROBLEM 10.109 

A compression member of rectangular cross section has an effective length of 
36 in. and is made of the aluminum alloy 2014-T6 for which the allowable 
stress in bending is 24 ksi. Using the interaction method, determine the 
smallest dimension d of the cross section that can be used when e = 0.4 in. 


SOLUTION 


A = 225d 


c = —d 
2 


e = 0.4 in. 


36 in. 


(Tan ,b - 24 ksi P = 32 kips 


I x = — (2.25) J 3 
* 12 


c/ 


Vl2 


Assume r x = r m in> i- e - ^ < 2.25 in. 

L e / rmia = JULJd 

. T , 55,400 55,400c/ 2 

Assume L e /r min > 55. <r all = 2 

(VO 


12L: 


55, 400 _ j2 = 3_ 5622 4 j2 


(12)(36) 2 




32 | (12)(32)(0.4)(lrf) i 


(2.25c/)(3.562240) (2.25d i )(24) 


3.9925 1.42222 , 

+ ^ — = 1 


Let x = — 

d 


d 5 d A 

Solving for x, x = 0.53126 

L!r x = (Vl2)(36)/1.894 = 65.8 > 55 


3.9925x 3 + 1.42222x 2 = 1 


d = — = 1.8823 in. < 2.25 in. 


d = 1.882 in.4 
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PROBLEM 10.110 

Solve Prob. 10.109, assuming that e - 0.2 in. 

PROBLEM 10.109 A compression member of rectangular cross section has 
an effective length of 36 in. and is made of the aluminum alloy 2014-T6 for 
which the allowable stress in bending is 24 ksi. Using the interaction method, 
determine the smallest dimension d of the cross section that can be used when 
e = 0.4 in. 


SOLUTION 


2.25J 


c - —d 
2 


e = 0.2 in. 


36 in. 


(Tan ,b - 24 ksi P = 32 kips 


1 


I x = —(225)11' 


12 ' x 

Assume r x =r mm> i- e - d <2 . 25 in. 
LJr mm = yfULJd 


Assume LJr mm > 55. <r all 


P P„. 
■ + ■ 


55,400 55,400J 2 55,400rf 2 


(12)(36) 2 


^ cr all,c 

3.9925 0.71111 


(L e /r x ) 2 121 ; 

32 

(2.25d)(3.56224d 2 ) ' (2.25J 3 )(24) 


3. 56224 d l 


(12)(32)(0.2)(4J) t 


Let x 


1 


3.9925x 3 + 0.71 11 lx 2 = 1 


Solving forv, v = 0.57623 in 


-l 


d = — = 1.735 in. < 2.25 in. 


LJr x = (Vl2)(36)/1.748 = 71.4 > 55 


d = 1.735 in. ◄ 
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PROBLEM 10.111 

An aluminum tube of 3 -in. outside diameter is to carry a load of 10 kips having 
an eccentricity e = 0.6 in. Knowing that the stock of tubes available for use are 
made of aluminum alloy 2014-T6 and have wall thicknesses in increments of 
in. up to j- in., determine the lightest tube that can be used. Use the 
allowable-stress method. 


SOLUTION 


6 ft = 72 in. 


c i = c () - t = 1.500 - t 


A = tt(c 2 0 - c 2 ) 


-d 0 
2 0 


1.500 in. 




Try t = — in. = 0.25 in. 
4 


A = 2.1598 in 2 


1.250 in. 


2.0586 in 4 


— = 0.97629 in. 
A 


L 
r 

a aA\ = 

Me 


72 


0.97629 

55,400 


= 73.748 > 55 (2014-T6 aluminum alloy) 


55,400 


_ all + 

A I 


(L/r) 2 (73.748) 2 

l if 

I 


= 10.186 ksi 


_ _^aU + P-d\\ eC _ 


1 (0.6)(1.500) 


2.1598 


2.0586 


P aI1 = 0.9002 P all 


^aii = - = !, 0 i 8 i = 11-315 kips > 10 kips 


0.9002 0.9002 


Since ^all is nearly proportional to the thickness t, 


t 


10 


0.25 11.315 


t a 0.221 in. > — in. = 0.1875 in. 
16 


3 . 


16 


-in. thickness would be too small. 


Use t = — in. A 

4 
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PROBLEM 10.112 

Solve Prob. 10.111, using the interaction method of design with an allowable 
stress in bending of 25 ksi. 

PROBLEM 10.111 An aluminum tube of 3 -in. outside diameter is to carry a 
load of 10 kips having an eccentricity e = 0.6 in. Knowing that the stock of 
tubes available for use are made of aluminum alloy 2014-T6 and have wall 
thicknesses in increments of in. up to j- in., determine the lightest tube that 
can be used. Use the allowable-stress method. 


SOLUTION 


6 ft = 72 in. 


c t = c Q - t = 1.500 - t 


A = n(c 2 0 -c 2 ) 


— d n = 1.500 in. = c 
2 0 


'-tM 


Try t = — in. = 0.25 in. 
4 


A = 2.1598 in 2 


Cj = 1 .250 in. 
/ = 2.0586 in 4 


r = . — = 0.97629 in. 
V A 


72 


r 0.97629 

55,400 55,400 


cr Q n n 


all,c ( Ur f (73.748) 2 


= 73.748 > 55. (2014-T6 aluminum alloy) 

= 10.186 ksi 


£ all 


Me _ P^\ 


P M eC 


^ a all,c I a a\ lb 


^ a all ^ a all ,b 

1 (0.6)(1.500) ' 

(2.1598)(10.186) (2.0586)(25) 

* = 15.89 kips > 10 kips 


p ax\ = 0.062943On = 1 


P a\\ = 

311 0.062943 

Since ^all is nearly proportional to the thickness t, 

t 10 


0.25 15.89 


t ~ 0.1574 in. < — in. = 0.1875 in. 
16 
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PROBLEM 10.113 

A steel column having a 24-ft effective length is loaded eccentrically as 
shown. Using the allowable-stress method, select the wide-flange shape 
of 14-in. nominal depth that should be used. Use cr Y = 36 ksi and 
E = 29xl0 6 psi. 


SOLUTION 


E = 29,000 ksi 


t = 24 ft = 288 in. 


Transition — : 
r 


4.71 — = 133.68 


e = » m. 


P Pec 


A I 

For 14-in. nominal depth, c « 7 in., r x « 6 in. 




— + — < ^all 0r - 


\ 


i ec 

\ + — 

r x J 


< (J, 


all 


l + ^,l + ^ = 2.33 
'3 2 (6) 2 


If the column is short, 


'all 


1.67 


21.56 ksi 


a > iyyp_ _ (2.33 X i20) _ 12 ^ 97 ifl2 


-'all 


21.56 


If the column is long, 


2.33 P < 


OXTh^El 

1 - 67 ^ 


(1.67)(2.33)f > Lg _ (1.67)(2.33)(120)(288) 2 
0.877 n 2 E ~ 0. 877^(29,000) 
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PROBLEM 10.113 (Continued) 


Try W14 x 82. 


Try W14 x 145. 


A = 24.0 in 2 , 


L„ 


r 

y 


all 


288 

2.48 


S x = 123 in 3 , 
116.13 < 133.66 


r y = 2.48 in. 


tS (29,000) 
(116.13) 2 


1.67 

P Pe 120 (120X8) 


^[0.658 36/21 ' 221 ](36) 


h 

A S 


A = 42.7 in 2 


24.0 


123 


10.60 ksi 
= 12.80 ksi > 10.60 ksi 


(not allowed) 


S, = 232 in 3 , 


r y = 3.98 in. 


L e 288 ^ (29,000) , . 

= = 72.36 < 133.68 cr, = — - — = 54.664 ksi 

^ 3.98 


(7 ~ ~ 

.ill - 


P 

— + 


1.67 1.67 

Pe 120 (120X8) 


(72.36) 

1 [0.65 8 36/54 664 ] (3 6) = 16.36 ksi 


42.7 


232 


6.95 ksi < 16.36 ksi 


Use 


21.221 ksi 


W14 x 145. ◄ 
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PROBLEM 10.114 

Solve Prob. 10.113 using the interaction method, assuming that 
g y = 50 ksi and the allowable stress in bending is 30 ksi. 

PROBLEM 10.113 A steel column having a 24-ft effective length is 
loaded eccentrically as shown. Using the allowable-stress method, select 
the wide-flange shape of 14-in. nominal depth that should be used. Use 
g y - 36 ksi and E = 29 x 10 6 psi. 


SOLUTION 


Transition — : 
r 


For r y < 2.54 in., 


E = 29,000 ksi 


4.71 — = 113.43 


288 


r 

y 


113.43 


L e = 24 ft = 288 in. 


r y = 2.54 in. 


0.8 mip-E _ 5.18 3£> 2 
\.61{L!r) 2 ~ L\ 


Interaction formula: 


P Pe 

1 

^^all, centric bending 


< 1 


pl; , Pe 

5 . 1 83£/- |; A V^all. bending 

(120)(288) 2 (120)(8) 
(5.1 83X29, 000)/^ + 5,(30) 

66.22 32 


p < i 


/?<! 


P<\ 
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PROBLEM 10.114 (Continued) 


Obviously, 


I y > 66.22 in 4 and S x > 32 in 3 


Shape 

r y (in.) 

I y (in 4 ) 

S x (in 3 ) 

P 

W14 x 82 

2.48 

148 

123 

0.708 

W14 x 68 

2.46 

121 

103 

0.858 

W14 x 53 

1.92 

* 

57.7 




*too small 


W1 4 x 68 is the lightest shape with 
P<\. 

<- UseW14x68. ◄ 
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PROBLEM 10.115 

A steel compression member of 5.8-m effective length is to support a 
296-kN eccentric load P. Using the interaction method, select the wide- 
flange shape of 200-mm nominal depth that should be used. Use 
E = 200 GPa, <j y = 250 MPa, and <j all =150 MPa in bending. 


SOLUTION 

Transition — : 


4.71 


= 4.71 


200 x 10 y 


V 250 X 10 6 


= 133.22 


L e - 5.8 m 


At transition. 


5.8 


r 

y 


133.22 


r, = 45.4 x 10 3 m = 45.4 mm 


For 200-mm nominal depth wide-flange sections, 


c = — d « 104 mm 
2 


88 mm ff „ MM = L68 

>j ( 88) 2 


For r = 45.4 mm, 


Interaction formula: 


A > P 


Try W200 x 59. 


1.67 


Acentric (1 . 67)( 1 3 3 .22) 2 
P Pec 


0.877^- E = 584 x 10 e pa 


^^all, centric 

edrl 


2 

A 

x all, bending 


< l 


' all, bending 


= 296 x 10' 


( 1.67 


1.68 


1 250 xl0 b 150 xlO 6 


= 5.29 xlO" 3 m 2 = 8380 mm 2 
A = 7550 mm 2 , S = 582 x 10 3 mm 3 , r = 51.8 mm 


5.8 


r 

y 


51.8 x 10 

(j rr 


>-3 


= 111.97 < 133.22 


x^E 

(LJr ) 2 


= 157.45 MPa 


Act , 


+ 


^ all, centric 

Pe 


1.67 1.67 


1 [0.65 8 250/157 ' 45 ](250) = 77.02 MPa 


296 x 10 3 


all, centric 


(296 x 10 3 )(125 x 10~ 3 ) 

S x <t ^ bending _ (7550 x 10" 6 )(77.02 X 10 6 ) (582 x 10" 6 )(150 x 10 6 ) 

= 0.5090 + 0.4238 = 0.9329 < 1 (allowed) 


PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1762 



PROPRIETARY MATERIAL. Copyright © 2015 McGraw-Hill Education. This is proprietary material solely for authorized instructor use. 
Not authorized for sale or distribution in any manner. This document may not be copied, scanned, duplicated, forwarded, distributed, or posted 
on a website, in whole or part. 


1763 





PROBLEM 10.116 

A steel column of 7.2-m effective length is to support as 83-kN eccentric 
load P at a point D , located on the x axis as shown. Using the allowable- 
stress method, select the wide-flange shape of 250-mm nominal depth that 
should be used. Use E = 200 GPa and oy = 250 MPa. 


SOLUTION 

Transition — : 
r 

At the transition. 


All sections meet 


Try W250 x 49.1. 


4.71 


133.22 


7.2 


133.22 

y 

r y = 54.05 x 10 -3 m = 54.05 mm 
- > 133.22. 


r 

y 


0.%ll7r 2 E 0.877^ 2 (200 x 10 9 ) 


^ all 


1.67 \.61(L/r ) z 


6260 mm 


(1.67)(7.2/r ) 2 


19.9962 x 10 9 r 2 


= 15.2 x 10 6 mm 4 


y 

a a\\ 

P_ Pe 

A + S y 


151 xlO 3 mm 3 


r 

y 


49.3 mm 


(19.9962 x 10 9 )(49.3 x 10“ 3 ) 2 = 48.601 MPa 


83 x 10 4 


6260 x Iff 


-6 


(83 x 10 3 )(70 x 1Q~ 3 ) 
151 x 10" 6 


= 51.736 MPa > <x 


all 


(not allowed) 


Approximate required area: 
Try W250 x 58. 


^ 1 H'X 

A * ’ (6260) = 6664 mm 2 

48.601 


A = 7420 mm 2 , S v = 185 x 10 3 mm 3 , 


r y = 50.3 mm 


^ all 


(19.9962 x 10 9 )(50.3 x 10" 3 ) 2 = 50.592 MPa 


P 

h 

A S 


Pe 


83 x 10 4 


(83 x 10 3 )(70 x 10“ 3 ) 


y 


7420 x 10 


,-6 


185x10 


-6 


= 42.591 MPa < a. 


all 


Use W250 x 58. ◄ 
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SOLUTION 

Steel: 

Aluminum: 

Length: 

( a ) Steel strut : 


E = 29 x 10 6 psi y = 490 lb/ft3 = 0.28356 lb/in 3 
£■ = 10.1 x 10 6 psi y = 170 lb/ft 3 =0.09838 lb/in 3 


L = 4 ft = 48 in. 


I = —d* = — 
12 5 12 


1 fO 4 


v2y 


: 5.2083x10 3 in 4 


k 1 El ;r 2 (29 x 1 0 6 )(5 .2083 x 1 0~ 3 ) 


Weight: W s = y s Ld; = (0.283 56)(48) 

(. b ) Aluminum strut : 


L (48) 

n 

v2y 


3.4028 lb 


u 2 EI 


Pj_ _ (647)(48) 2 
tt 2 E ;t 2 (10.1x10 6 ) 


: 14.9546 x 10 j in 


3 *4 


/ = Lj 4 d = $/l2I = ^/(12)(14.9546 x 10~ 3 ) 

Weight: = (0.09838)(48)(0.651) 2 = 2.0004 lb 

(c) Weight ratio as a percent : 

— x 100% = 2, ° 004 X 1 00% 


w„ 


3.4028 


P„ = 647 lb ◄ 


d = 0.651 in. 4 


58.8% ◄ 
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1 b PROBLEM 10.118 

m r The rigid rod AB is attached to a hinge at A and to two springs, each of 

constant k. If h = 450 mm, d = 300 mm, and m = 200 kg, determine the 
range of values of k for which the equilibrium of rod AB is stable in the 
position shown. Each spring can act in either tension or compression. 


^vVVVV^ 




7 


h 


SOLUTION 

mq, 

Let 6 be the angle change of bar AB. 

vL <5 

8 x -h sin 6 


S 2 = d sin 6 


vi> 

a 

ll 

o 


(2k S 2 )(d cos 9) -mg S x =0 ^ 

Ih — 

t in 

(2 kd 2 cos 6 - mgh ) sin 6 = 0 


S < 

ll 

9 

2 d cos 6 


Let 6 be small. 


cos#«l * k 


r* 

For stability, 


mgh 

Aj 

Id 2 


Data: m = 200 kg, g = 9.81 m/s 2 , h = 0.450 m, d = 0.300 m 

^ (200X9.81X0 450) =4 905x103 2 

A: >4.91 kN/m ◄ 

(2)(0.300) 2 
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PROBLEM 10.119 




A column of 3-m effective length is to be made by welding together two Cl 30 x 13 




rolled-steel channels. Using E = 200 GPa, determine for each arrangement shown the 

(a) 

(b) 

allowable centric load if a factor of safety of 2.4 is required. 


SOLUTION 

For channel C130 x 13, 


Arrangement (a\ . 


Arrangement (b) : 


A = 1700 mm 2 


bj = 48.0 mm 


7 V = 3.70 x 10 6 mm 4 


0.260 xlO 6 mm 4 


x = 12.1 mm 


I x = (2)(3.70xl0 6 ) = 7.40xl0 6 mm 4 
/ = 2 [0.260 x 1 0 6 + (1 700X12. 1) 2 ] = 1 .0 1 78 x 1 0 6 mm 2 


7 mm =I y = 1.0178 x 10 6 mm = 1.0178 x KT 6 m 4 


7> cr = = « (200 x 10 )(1.0178 x 1Q-) = 223 x 1q3 N = 223 ^ 

L 2 e (3.0) 2 


223 


'all 


F.S. 2.4 
I x =(2X3.70x10°) mm 4 =7.40x10° mm 4 


P M = 93.0 kN ◄ 


7 = 2[0.260 x 10 6 + (1700X48 - 12.1) 2 ] = 4.902 x 10 6 mm 4 


7 min =I y = 4.902 xlO 6 mm 4 = 4.902 xlO" 6 m 4 


Pcr = 


u 2 El mm ^- 2 (200 x 1 0 9 )(4. 902 x 1 0“ 6 ) 


Li 


(3.0) 2 


= 1075 xlO 3 N = 1075 kN 


_ P a _ 1075 
a11 F.S. 2.4 


P all = 448 kN ◄ 
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PROBLEM 10.120 

(a) Considering only buckling in the plane of the structure shown and using 
Euler’s formula, determine the value of 6 between 0° and 90° for which the 
allowable magnitude of the load P is maximum. ( b ) Determine the 
corresponding maximum value of P knowing that a factor of safety of 3.2 is 
required. Use E = 29 x 10 6 psi. 


SOLUTION 

Strut AB. 


L = 3 ft = 36 in. 


c = U = IA 

2 2\Aj 


= 0.375 in. 


/ = —c 4 = 15.5316 x 10“ 3 in 4 


(Pab) c 


k 2 E1 ;t 2 (29 x 10 6 )(15.5316 x 10" 3 ) 


(36) 2 


= 3.4301 x 10 3 lb 


Strut BC\ L = 2 ft = 24 in.. 


1 

c — — 
2 


r i 




- = 0.3125 in.. 


I = 7.4901 x 10“ 3 in 4 


= ^ (29 x !0 )(7.4901 x 10 ) = 3 y219 x 1q3 * 
(24) 2 

For structure, P is maximum if both struts buckle simultaneously. 

(a) tan (9 = = 1.08507 

(Pab) cr 

(b) P C[ = EEb ) cr + (Pbc ) cr = 5.0614 X 10 3 lb = 5.0614 kips 

„ 5.0614 


6 = 47.2° ◄ 


With F.S. = 3.2, 


3.2 


P = 1.582 kips ◄ 
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PROBLEM 10.121 

Member AB consists of a single C130 x 10.4 steel channel of length 
2.5 m. Knowing that the pins at A and B pass through the centroid of the 
cross section of the channel, determine the factor of safety for the load 
shown with respect to buckling in the plane of the figure when 6 = 30°. 
Use Euler’s formula with E = 200 GPa. 
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PROBLEM 10.122 

The line of action of the 75 -kip axial load is parallel to the geometric axis 
of the column AB and intersects the x axis at x = 0.6 in. Using 
E -29 x 10 6 psi, determine (a) the horizontal deflection of the midpoint C 
of the column, ( b ) the maximum stress in the column. 


SOLUTION 


L e = L - 20 ft = 240 in. e = 0.6 in. 
W8 x 35: A = 10.3 in 2 1 = 42.6 in 4 


10.6 in 3 E = 29,000 ksi 


P a = 


“Ely _ (29, 000)(42.6) 


75 


211.68 


(240) 2 


= 0.35404 


= 211.68 kips 


(«) 


y m = e 


sec 


n 
2 \l P 


-1 


cr J 


( 0 . 6 ) 


sec 


n 


V0.35404 -1 


(0.6) [sec (0.93499) -1] 


= 0.41040 in. 

(b) M max = P(y m + e) = (75)(0.6 + 0.41040) = 75.780 kip • in. 

P , ^max 75 75.780 

max A S y 10.3 10.6 


y m = 0.410 in. ◄ 

°max = 14 - 43 ksi < 
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PROBLEM 10.123 

Supports A and B of the pin-ended column shown are at a fixed distance L from each other. 
Knowing that at a temperature Tq the force in the column is zero and that buckling occurs 
when the temperature is 7] = T {) + AT, express AT in terms of b, L, and the coefficient of 
thermal temperature a. 



SOLUTION 

Let P be the compressive force in the column. 

PI 

La(AT) = 0 P = EAa(AT) 

EA 

7T 2 EI 

Per = — = P = EA <*( AT ) 
n-EI _ 

~ L 2 EAa ~ L 2 Eb 2 


AT 


ttV 
12 L 2 a 
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y 


PROBLEM 10.124 


c 


x 


l l 
l l 
l l 
l l 


A = 13.75 X 10 3 mm 2 
I x = 26.0 X 10 6 mm 4 
I y = 141.0 X 10 6 mm 4 


A column is made from half of a W360 x216 rolled- steel shape, with 
the geometric properties as shown. Using allowable stress design, 
determine the allowable centric load if the effective length of the 
column is (a) 4.0 m, ( b ) 6.5 m. Use cy = 345 MPa and E = 200 GPa. 


SOLUTION 


r = 


_ | min _ 


26.0 x 10 b 
13.75 x 10 3 


= 43.485 mm 


= 43.485 xl0“ 3 m 


A = 13.75 x 10" 3 m 2 


Transition L/r: 


(a) L e = 4.0 m. 


4.71 — = 4.71. 


200 x IQ 9 
J 345 x 10 6 

4.0 


43.485 x 10 


-3 


= 113.4 


91.987 < 113.4 


J?E = *200*10) = 233.28 MPa 
(j LJr f (91.987) 2 

o’ ,, = — cr cr = — [0.65 8 345 7 233 28 ](345) = 111.2 MPa 
a11 F.S. cr 1.67 

P M = cr a \\A = (111.2 x 10 6 )(13.75 x 10“ 3 ) 


P M = 1530 kN ◄ 


o b ) L e = 6.5 m. 


L„ 


6.5 


43.485 x 10 


i _ 3 


149.48 >113.4 


7 i 2 E ^ 2 (200 x 10 9 ) 0Q , .. D 

<j„ = ^ = — = 88.3 MPa 

{LJr) 2 (149.48) 2 

o-an = = ^-[(0.877X88.3)] = 46.39 MPa 

F.S. 1.67 

P all = = ( 46 - 39 x 10 6 )(13.75 X 10“ 3 ) 


P all = 638 kN ◄ 
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PROBLEM 10.125 

A rectangular column with a 4.4-m effective length is made of glued 
laminated wood. Knowing that for the grade of wood used the adjusted 
allowable stress for compression parallel to the grain is cr c = 8.3 MPa and 
the adjusted modulus is E = 4.6 GPa, determine the maximum 
allowable centric load for the column. 


SOLUTION 


Glued laminated column: 


c — 0.9 E = 4600 MPa 
A = (216X140) = 30,240 mm 2 

= 30,240 xl0 _6 m 2 
d = 140 mm = 140 x 10 -3 m 


L = 4.4 m 


L_ 
d ~ 

g ce 



■ 1,1 

140x10 

0.822E 

(L/df 

3.8281 

8.3 


r = 31.429 

(0822X4600) 

(31.429) 2 

0.46121 


= 3.8281 MPa 


_ l + cr CE /a c _ 1.46121 _ 
= 2c = (2)(0.9) = 


v= °~ cg/crc =0.51246 
c 

C p = m-V« 2 - v =0.42908 

cj-aii = C p a c = (0.42908X8.3) = 3.5614 MPa 


P a n = a Ml A = (3 .56 14 x 1 0 6 )(30,240 x 1 0~ 6 ) 


P M =107.7 kN ◄ 
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PROBLEM 10.126 


A column of 4.5-m effective length must carry a centric load of 900 kN. Knowing that oy = 345 MPa and 
E = 200 GPa, use allowable-stress design to select the wide-flange shape of 250-mm nominal depth that 
should be used. 
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PROBLEM 10.127 

An 1 1-kip vertical load P is applied at the midpoint of one edge of the square cross 
section of the steel compression member AB , which is free at its top A and fixed at its 
base B. Knowing that for the grade of steel used oy = 36 ksi and E = 29 x 10 6 psi, 
and using the allowable-stress method, determine the smallest allowable dimension d. 


SOLUTION 


Steel: a Y = 36 ksi 

transition — = 4.71 
r 

L 


E = 29,000 ksi 


4.71 


29,000 


36 


133.68 


Assume — > 133.68 so that cr = 0.877a* and a. 


6.%lln 2 E 5.1830Z 


all 


1.67 1.67(Z/r) 2 (Z/r) 2 


Square cross section: 

1 j4 


A = d 2 


I = — d for all axes through the center of the square. 


r = 


I_ _ _d_ 
A~ yjl2 


L e = 2L = (2X4.5 ft) = 9 ft = 108 in. 


Allowable stress for centric loading . 

°"all 

Eccentric loading : M = Pe P = 11 kips 

1 


(5.1830)* _ (5-1830X29,000) j2=h07387j2ks . 


(108) 2 /(J 2 /12) (108) 2 (12) 


e = c = —d when the loading is at point D. 


Allowable stress method. 


P Me P 


'all 


— + ■ 


r 


1 + 


(J/2)(J/2)' 

d 2 m 


4P _ 44 


ksi 
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PROBLEM 10.127 (Continued) 


Equating the two expressions for cr all , 

9 44 

1.07387 d 2 = — T 

d 2 

2 53 

r = -^= = 0.730 in. 

Vl2 

Assumption is verified. 

Smallest allowable dimension. 



^ = 147.9 > 133.68 

r 0.730 

d = 2.53 in. A 
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PROBLEM 10.128 

A column of 14-ft effective length consists of a section of steel tubing 
having the cross section shown. Using the allowable-stress method, 
determine the maximum allowable eccentricity e if (a) P = 55 kips, 
(b) P = 35 kips. Use ay = 36 ksi and E = 29 x 10 6 psi. 


SOLUTION 


Transition L!r\ 


(a) 


1 all 


(b) 


'all 


4.71 


E = 29,000 ksi 


133.68 


4.0 in. b, = b„ - 2t = 3.25 in. 


2.0 in. 


A = b: 


5.4375 in 2 


1.4878 in. 




12.036 in 4 


4 = 14 ft = 168 in. 
L„ 168 


e _ 

r 1.4878 
n 2 E 


j all + 

A I 


°e = 
a a\\ = 

p *n ec 


= 112.92 < 133.68 
n 2 (29,000) 


(LJry (112.92V 


= 22.447 ksi 


1.67 1.67 

a 


1 [0.658 36/2Z447 ](36) = 11.017 ksi 


Vail 


^all 


cR 


all 


Vail 


faU 

A 


55 kips. 


e = 


12.036 


(2.0X55) L 


11.017 - 


55 


5.4375 


0.0987 in. ◄ 


35 kips. 


12.036 


e = 


(2.0)(35) L 


11.017 - 


35 


5.4375 


e = 0.787 in. ◄ 
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PROBLEM 10.C1 

A solid steel rod having an effective length of 500 mm is to be used as a compression strut to carry a centric 
load P. For the grade of steel used, E = 200 GPa and cr Y ~ 245 MPa. Knowing that a factor of safety of 2.8 
is required and using Euler’s formula, write a computer program and use it to calculate the allowable centric 
load for values of the radius of the rod from 6 mm to 24 mm, using 2-mm increments. 


SOLUTION 



Enter radius rad, effective length L e 
Compute radius of gvration. 

and factor of safety FS. 


A = 7r rad 2 


/=- 

4 

-n rad 4 

[7 

Determine allowable centric load. 
Critical stress: 


i — 

A 

tt 2 E 

Let cr equal smaller of cr cr and <j y . 

( LJr ) 2 


cjA 

Program Output 

p m = — 

all FS 

Radius 

Critical 

Allowable 

of Rod 

Stress 

Load 

m 

MPa 

kN 

0.006 

71.1 

2.87 

0.008 

126.3 

9.07 

0.010 

197.4 

22.15 

0.012 

284.2 

39.58 

0.014 

386.9 

53.88 

0.016 

505.3 

70.37 

0.018 

639.6 

89.06 

0.020 

789.6 

109.96 

0.022 

955.4 

133.05 

0.024 

1137.0 

158.34 

Below the dashed line we have: Critical Stress > Yield Strength. 
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PROBLEM 10.C2 




An aluminum bar is fixed at end A and supported at end B so that it is free 





to rotate about a horizontal axis through the pin. Rotation about a vertical 





axis at end B is prevented by the brackets. Knowing that E = 10. 1 x 10 6 psi, 





use Euler’s formula with a factor of safety of 2.5 to determine the 


1.5 irL^\ 

allowable centric load P for values of b from 0.75 in. to 1.5 in., using 




^ y 1 0.125-in. increments. 




P 
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PROBLEM 10.C3 

The pin-ended members AB and BC consist of sections of aluminum 
pipe of 120-mm outer diameter and 10-mm wall thickness. Knowing 
that a factor of safety of 3.5 is required, determine the mass m of the 
largest block that can be supported by the cable arrangement shown for 
values of h from 4 m to 8 m, using 0.25-m increments. Use E = 70 GPa 
and consider only buckling in the plane of the structure. 


SOLUTION 

Compute moment of inertia : 


for h = 4 to 8 using 0.25 increments. 
Compute allowable loads for members . 


/ = — (0.06 4 - 0.05 4 ) 
4 


tt 2 EI 


{Fab)qt 3.5 (4) 2 


x 2 EI 


(F * c)cr 3.5 (6) 2 


Determine allowable W . 

(Knh=2(F AB ) C[ 

(Knh = ^c), 

W all equals smaller value. 

Compute mass m . 

Kn 

m = —^~ 

9.81 


Joint D: 


MX A ^ 

i\/t 


lLF y - 0 yields 

= — w 


T 3 

= — yields 
Ty h 


T = 


1.5 W 


Joint B\ 



I -<r 


Mr W 
h 


P v/ 

"7\I3 z 


\ T - ^ 
'y h 

V -- \ W 

'y z 
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PROBLEM 10.C3 (Continued) 


Program Output 


h 

m 

Weight Critical Stress 
AB 
kN 

Weight Critical Stress 
BC 
kN 

Mass 

kg 

4.00 

455.11 

269.7 

7854.88 

4.25 

455.11 

286.6 

8345.80 

4.50 

455.11 

303.4 

8836.74 

4.75 

455.11 

320.3 

9327.66 

5.00 

455.11 

337.1 

9818.59 

5.25 

455.11 

354.0 

10,309.52 

5.50 

455.11 

370.8 

10,800.45 

5.75 

455.11 

387.7 

11,291.38 

6.00 

455.11 

404.5 

11,782.31 

6.25 

455.11 

421.4 

12,273.24 

6.50 

455.11 

438.3 

12,764.17 

6.75 

455.11 

455.1 

13,255.10 

7.00 

455.11 

472.0 

13,255.10 

7.25 

455.11 

488.8 

13,255.10 

7.50 

455.11 

505.7 

13,255.10 

7.75 

455.11 

522.5 

13,255.10 

8.00 

455.11 

539.4 

13,255.10 
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SOLUTION 

Enter length L , eccentricity e. 
Enter properties A, I y ,r y ,bf. 
Compute critical load : 


P r = 


7Z 2 EI 


for P = 25 to 75 kips in increments of 5. 


Compute horizontal deflection at C . 


y c = e 


f in [~P~^ 
sec — — 

2 VP 

V V V cr J 


- 1.0 


Compute maximum stress . 


^"max 



V 


2 rl 


-sec 


n 

~2 
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PROBLEM 10.C4 (Continued) 


Program Output 


Load 

kip 

Maximum Deflection 
in. 

Maximum Stress 
kips 

25.0 

0.059 

3.29 

30.0 

0.072 

3.99 

35.0 

0.086 

4.69 

40.0 

0.100 

5.41 

45.0 

0.115 

6.14 

50.0 

0.130 

6.88 

55.0 

0.146 

7.65 

60.0 

0.163 

8.43 

65.0 

0.181 

9.22 

70.0 

0.199 

10.04 

75.0 

0.219 

10.88 
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PROBLEM 10.C5 

A column of effective length L is made from a rolled-steel shape and carries a centric axial load P. The yield 
strength for the grade of steel used is denoted by cr 7 , the modulus of elasticity by E , the cross-sectional area 
of the selected shape by A, and its smallest radius of gyration by r. Using the AISC design formulas for 
allowable stress design, write a computer program that can be used with either SI or U.S. customary units to 
determine the allowable load P. Use this program to solve (a) Prob. 10.57, ( b ) Prob. 10.58, (c) Prob. 10.124. 


SOLUTION 

Enter Z, Z, cy. 

Enter properties A, r . 
Determine allowable stress. 


If L/r y ^ C, 


If L/r y <C, 


Calculate allowable load. 



Q.877^- 2 ^ 

~ 1-67 (L/r y f 


7TE_ 

( L/r y ) 2 


'all 


= — f 0.658^^ T 

1.67 L J 


Program Outputs 

Problem 10.57a 

Effective length = 6.00 m 

A = 4580.0 mm 2 
r y = 40.8 mm 

Yield strength = 250.0 MPa 
E = 200 GPa 


Allowable centroid load: P = 219.5 kN 
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PROBLEM 10.C5 (Continued) 


Program Outputs ( Continued ) 

Problem 10.576 

Effective length = 6.00 m 

A = 1 1,000.0 mm 2 
r y = 53.2 mm 

Yield strength = 250.0 MPa 
E = 200 GPa 


Allowable centroid load: P = 839.0 kN 
Problem 10.58a 

Effective length = 21.00 ft 
A = 9.130 in 2 


r y = 2.020 in. 
Yield strength = 36.0 ksi 

E = 29,000 ksi 


Allowable centroid load: P = 86.7 kips 
Problem 10.586 

Effective length = 21.00 ft 
,4 = 9.130 in 2 


r y = 2.020 in. 
Yield strength = 50.0 ksi 

E = 29,000 ksi 


Allowable centroid load: P = 88.2 kips 


Problem 10.124a Effective length = 4.00 m 

A = 13.8 mm 2 
r y = 43.4 mm 

Yield strength = 345.0 MPa 
E = 200 GPa 


Allowable centroid load: P = 1532 kN 

Problem 10.1246 Effective length = 6.50 m 

A- 13, 800.0 mm 2 
r y = 43 .4 mm 

Yield strength = 345.0 MPa 


E = 200 GPa 


Allowable centroid load: P = 638.0 kN 
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PROBLEM 10.C6 

A column of effective length L is made from a rolled-steel shape and is 
loaded eccentrically as shown. The yield strength of the grade of steel 
used is denoted by cr 7 , the allowable stress in bending by cr all , the 
modulus of elasticity by E, the cross-sectional area of the selected shape 
by A, and its smallest radius of gyration by r. Write a computer program 
that can be used with either SI or U.S. customary units to determine the 
allowable load P, using either the allowable-stress method or the 
interaction method. Use this program to check the given answer for 
(a) Prob. 10.113, (b) Prob. 10.114. 


SOLUTION 

Enter L, E, a Y , (o- all ) bending , e x , e y . 
Enter properties A, S x , S , r y . 
Determine allowable stress. 

C = 4.71 fE 

If Llr y ^C, 

_ 0.8 71n 2 E 
CTa11 “ 1 .61(L/r y ) 2 

If L/r y < C, 

7T 2 E 

G e = 7 

(■ Vr y f 


-an =^y[0.658^K 

For allowable-stress method: 

coeff. = — + — + — 
A S x S y 


p _ °"all 

Util - nn 

coett. 

For interaction method: 

,, 1 0 e x /S x ) + (e y /S y ) 

coeff. = + £ 

l^alllbending 

p - 10 

Util - 

coett. 
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Program Outputs 

Problem 10.113 


Problem 10.1 14 
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PROBLEM 10.C6 (Continued) 


Effective length = 24.00 ft 
A = 42.700 in 2 
r y = 3.980 in. 


S x = 232.00 in 3 
Yield strength = 36.0 ksi 

E = 29xl0 3 ksi 


Using allowable-stress method, 
Allowable load: P = 282.6 kips 


Effective length = 24.00 ft 


A = 20.000 in 2 
r y - 2.460 in. 

S x =103.00 in 3 
Yield strength = 50.0 ksi 

E = 29xl0 3 ksi 


Using interaction method, 
Allowable load: P = 139.9 kips 
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